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The potential of dynamic structural response to cause serviceability or even ultimate 
failure in building structures has long been known.  The availability of stronger 
structural materials and more precise analysis tools has allowed ever more slender 
structures to be realised.  However, as spans increase and structural mass decreases 
dynamic response emerges more often as a concern for structural engineers. 
Design for the redevelopment of Thomond Park stadium, Limerick was completed 
between 2005 and 2007 and the new stadium was opened in August 2008.  Conscious 
of recently reported incidents and aware that the venue might be used in the future for 
concerts, the designers carried out a dynamic assessment of the grandstand structures 
to rhythmic crowd movements using a ‘Performance-based Assessment’ method.  A 
localised scenario of potential concern in one area of one grandstand was identified 
and appropriate crowd management arrangements were identified.  Updated guidance 
from the Institution of Structural Engineers, termed the ‘Route 2 Method’, was 
published after the stadium opened in 2008. 
A statically designed cantilever beam was first analysed as part of this research work 
using the Performance-based Assessment and the Route 2 methods.  While both 
methods illustrated that the structure did not perform satisfactorily under crowd 
induced loading typical of concert events, the results of Route 2 method was lower 
than that of the Performance-based Assessment.  Importantly however, the Route 2 
method provides a more consistent and rigorous approach to the design of the structure 
and accounts for the crowd-structure interaction. 
An analysis of a single bay of the West Grandstand of Thomond Park was then carried 
out using both methods.  While the results of the Performance-based Assessment were 
broadly aligned with that of the original design, the results of the updated Route 2 
method indicate that the structure performs adequately under all concert types and that 
the crowd management measures originally recommended may no longer be required.  
The results are particularly sensitive to the Young’s Modulus of the concrete and 
further work is recommended to verify the natural frequencies and mode shapes of the 
structure through dynamic testing of the stadium itself.  
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The potential of dynamic structural response to cause serviceability failure in building 
structures has long been known.  The availability of stronger structural materials and 
more precise analysis tools has allowed ever more slender structures to be realised.  
However, as spans increase and structural mass decreases, dynamic response emerges 
more often as a concern for structural engineers. 
In recent years the role of sports stadia has also changed considerably. Previously 
stadia were used for viewing sporting events during the competition season only.  
Nowadays stadia are multipurpose venues and function as entertainment hubs, hosting 
a variety of corporate events as well as pop concerts.  In addition, the structural framing 
of modern stadia has longer column free spans resulting in decreased structural 
stiffness and lower natural frequencies. 
As a result, stadia are more susceptible to high levels of vibration during more extreme 
events, like high energy concerts.  Some relatively modern structures have been known 
to be prone to responding dynamically to crowds moving rhythmically to music at such 
events (Jones et al. 2011). 
1.1. Thomond Park 
Thomond Park, the historic home of Munster Rugby, underwent a significant 
redevelopment in 2007 and 2008 which saw its capacity rise to 25,756 (Cosgrove et 
al. 2009).  Figure 1.1 shows the landscape of Thomond Park stadium, which has two 
signature 150m span ‘rainbow’ roof trusses covering the main East and West 




Figure 1.1 The landscape of Thomond Park stadium  
Thomond Park is a multipurpose venue and has hosted a few concert events since its 
redevelopment (Figure 1.2).  The stadium was designed to take account of such concert 
events in the light of the then current recommendations of the Institution of Structural 
Engineers (IStructE 2001).  While the first natural frequency of the statically designed 
West Grandstand was adequate for sports usage, it fell below the recommended 
minimum limit for concerts.  Taking account of the latest published design related 
research available on crowd-induced vibration (Willford 2005), a ‘Performance-based 
Assessment’ of the structure was undertaken to predict the accelerations that would 
occur during concert events.  The final design proposed an optimised solution 
combining some local increase in structural stiffness with recommendations for crowd 
management during concert events to ensure that vibrations were within appropriate 
limits (Cosgrove et al 2009). 
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Figure 1.2 Pop concert at Thomond Park stadium 
New design recommendations were published sometime after the completion of 
Thomond Park (IStructE 2008).  This is termed the ‘Route 2 method’ and involves 
more sophisticated modelling of the crowd as an assembly of vibrating damped spring-
masses combined with a conventional linear elastic model of the structure.  Detailed 
guidance on acceptable vibration levels was also given. 
1.2. Objectives 
The primary hypothesis of this thesis is as follows: 
“In accordance with the latest design guidance, crowd management measures 
are not required during concert events at Thomond Park stadium.” 
In order to prove or disprove this hypothesis, the following objectives were set: 
1. Undertake a detailed literature review of the area of crowd-induced vibration; 
2. Describe in detail the analysis and assessment process for the Performance-
based Assessment method; 
3. Describe in detail the analysis and assessment process for the Institution of 
Structural Engineers’ Route 2 method and its implementation using the Abaqus 
finite element analysis software; 
4. Analyse and compare the results from a simplified cantilever beam type 
stadium structure using the Performance-based Assessment and Route 2 
methods; 
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5. Analyse and compare the results from a single bay of Thomond Park’s West 
Grandstand using the Performance-based Assessment and Route 2 methods; 
6. Determine if crowd management measures are required during concert events 
at Thomond Park using the Route 2 method; 
7. Identify the critical parameters in both methods and provide some guidance to 
practising structural engineers for future design and assessment of stadium 
structures. 
1.3. Thesis Outline 
The thesis begins with a literature review to establish the impact of vibrations on 
building structures and to determine the current situation with regard to designing 
permanent grandstands subject to synchronised crowd loading.  The review focuses, 
in particular, on the design guidance of permanent grandstands and tracks the 
chronological change in guidance provided by a variety of codes of practices. 
Chapter 3 introduces the ‘Performance-based Assessment’ method which was put 
forward by Willford in 2005.  The procedure for undertaking a Performance-based 
Assessment is fully detailed with background given to each aspect of the calculation. 
Chapter 4 describes the Route 2 method, providing details of the input parameters, the 
method of modelling in the Finite Element Analysis software Abaqus and the 
acceptance criteria. 
In Chapter 5 a statically designed cantilever beam subject to dynamic excitation by a 
crowd is assessed using the Performance-based Assessment and Route 2 methods.  The 
chapter explains the process of using these two methods in detail.  The results of the 
two methods are then compared. 
Chapter 6 focuses on the analysis of the West Grandstand of Thomond Park stadium.  
Both methods are used to analyse the structure in detail, accounting for a variety of 
loadcases.  The results of both methods are compared and conclusions drawn on the 
need for crowd management measures during concert events. 
This final chapter draws conclusions on the work completed, points out relevant 
limitations of the work and provides recommendations for future research.  
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2. Literature Review 
2.1. Vibration 
2.1.1. Definition of Vibration 
Vibration is one of the most common parts of daily life.  Many natural phenomena, as 
well as man-made tools and buildings, involve some sort of periodic motion.  Our own 
bodies include many organs that perform periodic motion, from the relatively slow 
motion of the lungs or heart, to the high-frequency vibration of the eardrums (Genta 
2009).  When we walk, shiver, hear, or speak, even when we snore, we directly 
experience vibration. 
 
Figure 2.1 Vibration of tuning fork (after Dale 1998) 
Vibration deals with repetitive motion.  It is a sub discipline of dynamics. In its 
simplest form, vibration can be the oscillation or repetitive motion of an object around 
an equilibrium position.  The equilibrium position is the position the object will attain 
when the force acting on it is zero.  This type of vibration is called "whole body 
motion", meaning that all parts of the body are moving together in the same direction 
at any point in time. 
2.1.2. Consequences of Vibrations 
All bodies that possess mass and have finite stiffness are capable of vibrations.  
Vibration can be desirable.  It can be put to work for many useful purposes: the motion 
of a tuning fork (Figure 2.1), the “silent ring” mode for cell phones, the cone of a 
loudspeaker, vibrating sieves and mixers.  Vibrating machines also find applications 
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in medicine, checking and curing human diseases.  Figure 2.2 illustrates the use of 
ultrasonography for pregnant women, which is a successful application of vibration.   
 
Figure 2.2 Abdominal-Ultrasound (after National Cancer Institute 2016) 
However, vibration can often lead to a few undesirable circumstances.  Vibration is 
often associated with unfortunate events - one of the most impressive and catastrophic 
natural phenomena is the earthquake, a manifestation of vibration.  According to Norio 
(2011) the 2011 eastern Japan great earthquake disaster resulted in the death of 13,392 
people, with a further 15,133 reported missing at the time of publication.  According 
to an early evaluation, this earthquake disaster caused direct economic losses of about 
$360 billion USD, with the cost of recovery expected to reach $122 billion USD (Norio 
2011). 
2.1.3. Vibrations in Buildings 
Vibration is frequently encountered in building structures.  Common internal sources 
of vibration include machinery such as heating, ventilation and air conditioning 
systems, elevators as well as the activities of occupants.  External sources include 
earthquakes, wind, blasting and construction operations (Hunaidi 2000). 
Earthquakes happen rarely, but they can lead to significant damage once they occur.  
An earthquake is the perceptible shaking of the surface of the Earth, resulting from the 
sudden release of energy in the Earth's crust.  Earthquakes can be violent enough to 
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cause structural damage and even destroy whole cities. The 2011 eastern Japan great 
earthquake referenced in Section 2.1.2 caused damage to 190,000 buildings, of which 
45,700 were destroyed (Norio et al. 2011). 
The effect of wind on common building types is small, however it is necessary to 
consider this aspect in some special buildings, such as high-rise buildings and long 
span bridges.  For example the Tacoma Narrows Bridge was destroyed in 1940 
resulting from excessive oscillations caused by wind action (Amman et al. 1941). 
The activities of occupants with a building may lead to vibrations.  Walking or jumping 
with a building is typically imperceptible however in some conditions they can be a 
significant part in design process.  When designing structures such footbridges, concert 
halls or sports stadia, the activities of occupants are a potential source of vibration. 
2.1.4. Effects of Vibrations on Buildings 
 
Figure 2.3 Office with ventilators 
Vibrations can reduce the serviceability of building and in cause serve damage in 
extreme cases.  Many house owners may realise the damage induced by vibrations, 
such as cracks in walls and ceilings, separation of masonry blocks, and cracks in the 
foundation.  However, vibration levels are rarely high enough to be the direct cause of 
this damage, though they could contribute to the process of deterioration from other 
causes.  Hunaidi (2010) pointed out small vibration levels can also damage buildings 
and infrastructure with accumulation of effects.  Small vibration levels could trigger 
damage when buildings experience them constantly.  Consequently, it is difficult to 
evaluate building damage induced by a certain vibration level. 
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Building vibrations are not a health and safety concern in common buildings; they are 
more a problem of discomfort.  Vibrations may be unacceptable to occupants because 
of annoying physical sensations produced in the human body, interference with 
activities and fear of damage to the building.  Experience has shown that people living 
in houses are likely to complain if vibration levels are above the level perception 
(Hunaidi 2000). 
2.2. Crowd-Induced Vibration 
2.2.1. Definition of a Crowd 
A crowd is a large group of people that is gathered together.  Crowds, or large 
concentrations of people, occur frequently in modern society.  Figure 2.4 shows tens 
of thousands of people in a Chinese train station during a holiday travel rush and this 
case happens frequently in Chinese train stations.  A major sporting or entertainment 
event can attract 70,000 avid fans.  Large transportation terminals such as New York 
Grand Central Terminal and Pennsylvania Station accommodate 200,000 passengers 
each weekday.  The former New York World Trade Centre office and retail complex 
was reported to have up to 50,000 employees and 80,000 daily visitors.  Fruin (1993) 
states that these large gatherings of people usually occur without serious problems, 
however the combination of inadequate facilities and deficient crowd management 
could result in injury and death. 
 
Figure 2.4 Large crowd outside train station in China during busy holiday season 
(after CNN 2016)  
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2.2.2. Crowd-Induced Vibrations 
People’s activities such as rhythmic jumping or dancing can generate dynamic forces.  
These dynamic loads can be several times larger than the static loads of the people 
performing the activities.  Dynamic crowd loads are generated by the movement of 
people.  Therefore, it is more common that vibrations problems occurred in health 
clubs, gymnasiums, stadiums, dance floors, and even office buildings due to the type 
of human activities.  However, the largest loads are produced by synchronised 
rhythmic movements which mainly arise from people dancing or engaging in jumping 
type movements, usually in response to a musical beat (Jones et al. 2011). 
2.2.3. Load Models for Human-induced Vibrations 
Many types of human actions can generate dynamic effects in grandstands (Jones et 
al. 2011).   These are namely 
 Walking and running; 
 Jumping; 
 Bouncing (bobbing, jouncing); 
 Swaying; 
 Foot-stamping and hand-clapping; 
 Abrupt rising; 
 Rhythmic exercise loads. 
The most significant vertical load that a human is capable of generating is jumping. 
Therefore, the case of numerous people jumping synchronously should be carefully 
considered in structural design.  Bouncing or bobbing, considered as the second most 
onerous load, is specific with continuous contact of the spectators with the structure, 
better overall synchronization and higher loading frequencies.  Induced forces are 
smaller in amplitudes compared to jumping, and the loading scenario is considered as 
less intensive (Alves et al. 1999). 
For activities simultaneously performed by a group of people, besides the predominant 
factors, the loads may also depend on psychological effects, motivation, synchronism, 
etc. (Alves et al. 1999). 
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2.3. Examples of Crowd Disasters 
Gatherings of people together are commonplace and can be witnessed every day at 
some busy crossroads.  As crowd density increases potential problems can arise 
however.  Crowds moving with a density of up to four people per square meter can be 
considered safe because people have enough room to make decisions and move 
accordingly.  When the density is higher, at about six people per square metre, bodies 
are jammed together such that it is difficult for people to choose where they go and the 
crowd begins to behave like a fluid.  Pressure waves can travel through the crowd and 
people can loose control (Zhen et al., 2007).   
High crowd densities where management breaks down can result in “panic” or a 
“stampede”.  Figure 2.5 shows the example of crowd crush at the Love Parade in 
Duisburg, Germany, which tragically killed 21 people and injured hundreds more 
(Zhen et al., 2007). 
 
Figure 2.5 A crowd crushes at the Love Parade (after Daily Mail Reporter 2011) 
Leisure events are increasingly becoming popular around the world and the 
organisation of the large crowd events occurs globally every year with approximately 
2000 deaths (Zhen et al., 2007).  Table 2.1 summarises crowd disasters at mass 
gathering events, focusing predominantly on case reports and literature reviews citing 
particular lessons identified from previous disasters. 
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Table 2.1 Crowd Disasters at Mass Gatherings (Stadium Disasters extracted) 
(after Soomaroo and Murray 2012) 
Data Event - Place  
References 





Tribunal Report (1981) 




Fire exits locked and chained 
No specific fire employee fire duties 






Plane crash in to 




Obstruction of EMS to site 
Poor communication with EMS 




Mecca, Saudi Arabia 
Ahmed et al (2006) 
Stampede while 
exiting Mecca 
1426 Deaths No directional flow of pilgrims 
Conversion of pilgrims to one spot 






Feliciano et al (1998) 
Pipe-bomb placed in 
knapsack and left in the 




EMS trained for mass casualties 
Specialist disaster team prepared 





Eksborg et al (2001) 




Overcrowding at venue 
No fire safety protocols 
Obstruction of EMS vehicles to site 
June 
2000 
Music Festival Roskilde, 
Denmark 
Lee (2005) 
Crowd surge and 
crushing in mosh 
pit area 
9 Deaths  Limit pit capacity & age to > 18 
Isolate mosh pit from main audience 
Ban stage diving/body swimming 
First-aid assistance near mosh pit 
Protocols to shop artists 
Make available water, shade, first aid 






Crowd surge and 







Takashi et al (2002) 
Stampede to see 
fireworks display 
160 Deaths EMS Response > 1hr after event 




Miyun County, China 
Zhen et al (2008) 
Stampede in Mina 
Valley while throwing 
stones at pillars 
37 Deaths 
24 Injured 
Poor estimation of crowd number 
Poor communication with EMS 




Uttar Pradesh, India 
Burkle & Hsu (2010) 
Stampede during 
religious event 
63 Deaths High crowd density 
Failure to alert EMS in advance 
Inadequate Security measures 
July 
2010 




Stampede of crowd 
entering and exiting 




Crowd control issues & only one exit 
Entering fans converge with exit 
First aid given on site 




Phnom Penh, Cambodia 
Hsu (2011) 
Swaying bridge causing 
panic and stampede 
347 Deaths Local resources overwhelmed 
EMS access routes unavailable 
Inappropriate triage 
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Table 2.2 – Part 1 Crowd disasters at stadia events (after John et al. 2013) 
Data Event - Place  
References 







The wooden terrace at 
Ibrox Park collapses 




The prohibition of wooden 
scaffold type terraces in favour 







Angered fans in the 
stands and led to rioting 
340 Deaths  
500 Injured 
Crowd control issues 
Poor security system 





Ibrox Park Stadium, 
Glasgow, UK 
Elliott & Smith  
(1993) 
Crush between fans 
entering and exiting 
66 Deaths 
140 Injured 
No directional flow of fans 
Crowd control issues 






John et al. (2013) 
Deadly human crush 
Fans leaving the stadium 
try to re-enter the stands 
340 Deaths No directional flow of fans 
Crowd control issues 
May 
1985: 
Football Match  
Valley Parade Stadium, 
Bradford, UK. 
Popplewell, (1986) 
Terrace caught fire from 
a lit match / cigarette 
53 Deaths 
240 Injured 
Smoking in stadium 
Structural deficiencies 
Poor medical provision on site 
May 
1985: 




Riots beak out and a wall 
separating rival fans 
38 Deaths 
400 Injured 












Conversion to all seater stadia 
Removal of pitch-side barriers 












Deleany & Drummond 
(2002) 




Overcrowding of temporary 
grandstand 





John et al. 2013 
Angry fans kicked down 
an entrance door. 
83 Deaths 
127 Injured 
Poor crowd management 









13 Deaths No on-side medical care 
facilities 
Poor co-ordination with RMS 








Overcrowding of fans led 
to stampede & firing of 
tear gas to try to disperse 
crowd 
47 Deaths  Tickets oversold for event 
Overcrowding of attendees 
Crowd controlled with tear gas 




Port Said Stadium 
Port Said, Egypt 
Fahmy & Lee (2012) 
Fans entered the pitch, 
attacked the players 
79 Death 
900 Injured 
Poor crowd management and 
police control 
Crowd control issues 
Several countries over the world have had one or more experiences of stadium disaster 
which often leaves people dead and others injured (Johnson 2001).  Table 2.2 collates 
reports of stadia’s incidents to illustrate common features associated with crowd 
safety. 
2.4. Properties of Stadia 
Table 2.1 and Table 2.2 show that crowds of people can be extremely dangerous in 
some particular cases and uncontrolled crowds in sports stadia can lead to disasters.   
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2.4.1. Structures 
The supporting structures to sports stadia involving long span and cantilevered seating 
decks are becoming more popular because of the improved services offered to 
spectators, such as having the restaurants, entertainment areas, offices, etc., underneath 
(Figure 2.6). 
 
Figure 2.6 Conference and restaurant area underneath Hogan Stand, Croke Park, 
Dublin (after Croke Park 2017) 
On the other hand, in order to improve the sight lines of spectators, many large stadia’s 
upper seating decks are cantilevered structures (Figure 2.7).  These cantilevered and 
long span structures are more flexible, which has resulted in some vibration problems 
in recent years. 
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Figure 2.7 View of cantilever deck at Principality Stadium, Cardiff (after Rigby 
2018) 
2.4.2. Events and Activities 
Stadia are designed for large events that involve thousands of people.  For example, 
the premiership football matches involved approximately 17 million people in England 
and Wales in 2007 (Melrose et al. 2011).  Stadium structures are different than 
common civil buildings and the activities of spectators are an important factor that can 
lead to vibrations in the stadium.  In recent years, stadia which were usually designed 
for hosting the sports events have hosted pop concert in order to generate additional 
income (Deloitte 2016). 
2.5. Vibration’s Effects on Spectators 
2.5.1. Spectator Discomfort 
Building vibration comfort becomes more and more significant in the area of 
pedestrian bridges, large ballrooms, exhibition halls and large gymnasiums where 
many people hold activities at the same time.  Not only do these vibrations affect 
people’s normal activities，but also, they lead people suffering from psychological 
fear.  John (2013) pointed out that a group of people coming together to enjoy a 
stadium event must be carefully managed from the moment they enter the stadium’s 
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zone of influence.  People feel discountable if vibrations happen and also can result in 
panic if vibrations are increasing and continue.  Sometimes very little encouragement 
is needed for that crowd to become a panic, and panic to become a riot (a list of 
disasters is given in Table 2.2). 
2.5.2. Structural Damage and Deterioration 
The high vibration levels can damage the buildings, like earthquakes.  Crowd-induced 
vibrations can also have a damaging effect on the stadium.  For example, 1985, the 
excitation due to crowd motion, synchronized by the music beat, caused irreparable 
structural damages during the Bruce Springsteen concert at the Ullevi Stadium in 
Denmark (Bodare and Erlingsson 1993).  It has been found that the high vibration 
levels noticed during the concerts can be explained by resonance of the soil deposit. 
2.6. Measures to solve Vibration Problems 
Inman (2008) stated that the most effective way to reduce unwanted vibration is to 
stop or modify the source of the vibration.  If this cannot be done, it is sometimes 
possible to design a vibration isolation system to isolate the source of vibration from 
the system of interest or to isolate the device from the source of vibration. This can be 
done by using highly dumped materials such as rubber to change the stiffness and 
damping between the source of vibration and the device that is to be protected from 
the vibrations. 
Another approach to protecting a device from steady-state harmonic disturbance at a 
constant frequency is a vibration absorber (Inman 2008). An absorber consists of a 
second mass-spring combination added to the primary device to protect it from 
vibrating.  The major effect of adding the second mass-spring system is to change from 
a single -degree-of-freedom system to a two-degree-of-freedom system.  The new 
system has two natural frequencies.  The added mass- spring system is called the 
absorber. 
In order to improve vibration serviceability performance of sport stadia, a range of 
vibration control techniques have been introduced and implemented 
(Noormohammadi and Reynolds 2012). These include: 
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 Passive Vibration Control; 
 Active Vibration Control; 
 Semi-Active Vibration Control (Controlled Passive); 
 Hybrid Vibration Control (Active + Passive). 
Vibration energy is dissipated in passive controllers by introducing additional material 
or devices to the primary structures which leads to more damping and sometimes 
increased stiffness.  The design of passive control is relatively simple and there is no 
requirement for external power sources.  They might not however be fully engaged 
particularly at low levels of vibrations and they also have the potential drawback of 
off-tuning. Active control techniques require an external power source to drive 
actuators that suppress undesirable vibrations.  They can supress multiple modes of 
vibration simultaneously.  They are, however, not suitable for stadia implementation 
due to the requirement for large units that consume excessive power.  A semi-active 
controller can be contemplated using controlled passive devices where their damping 
and/or stiffness can be altered in real time, without adding extra energy to the 
controlled structure but improving the performance over purely passive devices. 
Hybrid control comprises a combination of passive and active control systems. Hybrid 
controllers formed by the integration of active and passive parts (also known as 
composite active-passive controllers) decrease structural response mainly by 
dissipating energy through the passive part, with the active part incorporated to 
enhance its performance. In hybrid systems the size of the active part is smaller, and 
less power is required than a purely active solution. 
Active control devices such as active mass dampers (AMDs) are applied. Passive 
control devices include tuned mass dampers (TMDs) and tuned liquid dampers 
(TLDs). Human perception is the most direct and convictive method to evaluate the 
floor vibration and the efficiency of TMDs (An et al. 2015). According to research, 
active control devices such as active mass dampers (AMDs) can achieve a better 
control effect than passive control devices including tuned mass dampers (TMDs) and 
tuned liquid dampers (TLDs) (Nakamura and Kawasaki 2006). However, AMDs 
presents disadvantages, such as high cost, electric energy consumption, and special 
maintenance. TMDs were selected as the dynamic control devices applied to the 
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structure after an overall consideration because they are efficient and inexpensive, as 
well as requiring low maintenance and offering fine applicability (An et al. 2015). 
2.7. Human-Structure Interaction 
Human-structure interaction is a significant phenomenon in the design of civil 
engineering dynamic structures; however, occupants are often modelled just as 
additional mass to the structure when the influence of human occupants on the 
dynamic properties of civil engineering structures is considered (Sachse et al. 2003).  
Human-structure interaction was first acknowledged in 1966 in a research conducted 
by Lenzen at the University of Kansas.  It was observed that the dynamic properties of 
the occupied structure were different from that of the empty structure there was a 
decrease in the natural frequency and an increase in the damping ratio of the occupied 
structure.  This phenomenon was termed human-structure interaction (Lenzen 1966) 
while its effects could not be explained by treating the occupants as an additional 
lumped mass on the structural system.  Sachse et al. proposed (2003) that human 
occupants presented on civil engineering structures do not only excite the structure, 
but can also simultaneously change the modal properties of the structure they occupy.  
For example, human occupation of civil engineering structures can lead to increased 
damping, a significant reduction of fundamental natural frequencies and also to 
additional natural frequencies, meaning additional modes of vibration. 
The first recommendation for incorporating the effects of human-structure interaction 
was provided by the Institution of Structural Engineers (IStructE) in 2008 in a 
vibration serviceability design guidance entitled “Dynamic Performance 
Requirements for Permanent Grandstands Subject to Crowd Action” (IStructE 2008).  
According to the IStructE, one way to representing the impact of crowd motion is to 
add crowd models on the empty structure.  IStructE recommends two models, active 
and passive crowds; active crowd refers to occupants who cause motion in the structure 
by applying forces through activities such as jumping and bobbing, and the passive 
crowd refers to people who do not apply a force on the structure, such as a seated 
crowd.  Both models consist of mass-spring-damper systems and the properties of each 
model are given as natural and damping ratios, developed through analytical 
modelling.  The recommended values for the passive crowd model are 5Hz for natural 
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frequency and 40% for damping, while that for the active crowd 2.3Hz for natural 
frequency and 25% for damping. 
2.8. Vibration Serviceability Problem in Sports Stadia 
There has been a trend to design sports stadia in such a way as to have higher capacities 
for spectators in addition to providing a clearer visual field. Therefore, many designs 
have incorporated one or more cantilevered tiers. However, using cantilevers results 
in grandstands that are slenderer, and which often have lower fundamental natural 
frequencies and modal damping ratios. These natural frequencies might fall in the 
range of excitation frequencies produced by human activities, resulting in potential 
resonant-type responses. This can result in a vibration serviceability problem and can 
potentially be a safety concern if spectators become alarmed by the responses and run 
for the exits. 
In the UK a number of stadium structures experienced vibration issues and required 
remedial action.  The millennium stadium in Cardiff is a good example where 
complications arose just before a New Year’s Eve rock concert at the turn of the recent 
millennium (Figure 2.8).  Cardiff’s City Council had raised awareness and concern, on 
whether the cantilevered stands could withstand large numbers of fans jumping in unison 
at the concert.  Consequently the council refused to issue a safety certificate to the stadia 
owners. This move forced the owners to carry out remedial works by means of propping 
the middle tiers with vertical steel supports costing approximately £300,000 sterling. 
Following this a Government funded investigation was carried out by the Institute of 




Figure 2.8 Extract from ‘Building’ on vibration issues at stadium in Cardiff (after 
Building 2000) 
 
Figure 2.9 Extract from ‘Construction News’ on vibration issues at Stadia in 
Liverpool and Manchester (after Construction News 2000) 
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Other issues arose during a pop concert in Old Trafford, Manchester in 1996 and 
during football matches in Highbury, London in 1998 and Anfield, Liverpool in 2000 
(Figure 2.9).  Remedial measures included stewarding in Manchester, tuned mass 
dampers in London and additional steel columns in Liverpool (Construction News 
2000).   
2.9. Design Guidance 
Over many years codes of practice have been developed to provide design engineers 
with standards of good practice to enable them to assess the loading appropriate to 
their particular structure.  In Ireland structural design codes generally follow that of 
the UK.  BRE (2004) noted that there was no reference to dynamic loading in the 1967 
version of the British Standards Institution loading code ‘CP3’, indicating that it was 
not an effect regularly considered by engineers at the time. 
BRE (2004) quoted from BS 6399-Part 1 (1984) where it stated: 
‘the values for imposed loads given ... allow for small dynamic effects ... The 
loads do not ... allow for dynamic loads due to crowds. 
It can be deduced from the above that there was an awareness that loads due to crowds 
were different from the norm, however further guidance was not given at the time.  
The first detailed guidance on dealing with synchronized crowd movement in building 
structures in the UK comes from a later version BS 6399 in 1996. 
2.9.1. BS 6399: Part-1 (1996) 
BS 6399: Part-1 (1996) provided guidance on dynamic crowd loads arising from 
dancing and jumping at events such as aerobics and pop concerts.  It is informative to 
read the relevant extract from the standard, as quoted by BRE (2004): 
“Dynamic loads will only be significant when any crowd movement (dancing, 
jumping, rhythmic stamping, aerobics etc.) is synchronized. In practice this 
only occurs in conjunction with a strong musical beat such as occurs at lively 
pop concerts or aerobics. The dynamic loading is thus related to the dance 
frequency or the beat frequency of the music and is periodical. Such crowd 
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movement can generate both horizontal and vertical loads. If the synchronized 
movement excites a natural frequency of the affected part of the structure, 
resonance will occur which can greatly amplify its response. 
Where significant dynamic loads are to be expected the structure should be 
designed either: 
a) to withstand the anticipated dynamic loads; or 
b) by avoiding significant resonance effects 
To avoid resonance effects the vertical frequency should be greater than 8.4Hz 
and the horizontal frequencies greater than 4.0Hz, the frequencies being 
evaluated for the appropriate mode of vibration of an empty structure.” 
The above text was replaced as part of an amendment in 2002.  Figure 2.10 provides 
an extract from the updated code, illustrating the applicable guidance given. 
 
Figure 2.10 Extract from BS 6399: Part 1 (1996) illustrating guidance for structures 
subject to dancing and jumping. 
Two design approaches were recommended by the code.  The first, termed ‘Design to 
avoid resonance’ recommended minimum natural frequencies of 8.4Hz vertically and 
4.0Hz horizontally. These frequencies were to be determined for an empty structure, 
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i.e. the mass of occupants was not accounted for. 
BRE (2004) noted that these frequency limits were based on safety assessments as 
opposed to serviceably limits such as accelerations and displacements.  BRE (2004) 
also state that no authoritative guidance was available at that time on acceptable 
serviceability levels for this type of vibration. 
BS 6399: Part 1 (1996) also provided for a second option, termed ‘Design for dynamic 
loads’ whereby the deformation of the structure subject to the dynamic loading was 
not to exceed ‘appropriate limits’.  The code referred the reader to BRE Digest 426 
‘The response of structures to dynamic crowd loads’ for details of the crowd loading.  
This option gives the design engineer the opportunity to investigate the actual response 
of the structure where it may be difficult to reach the minimum frequency limit, which 
is similar with later guidance to assess structures based on performance. 
2.9.2. Guide to Safety at Sports Grounds 
The UK Department for Culture, Media and Sport published the 4th Edition of the 
Guide to Safety at Sports Grounds (the Green Guide) in 1997.  This revision proposed 
new recommendations on the response of grandstands to dynamic loading during 
concerts or other events involving rhythmic activity. 
The Green Guide (1997) gave two conditions excited by the activities of spectators. 
 Excitation by the activities of spectators, frequency limits of a seating deck are 
6Hz in vertical and 3Hz in horizontal, below which further dynamic analysis of 
the structure was required. 
 Excitation by the activities of spectators at grounds staging pop concerts or 
other events involving rhythmic activity, in which case the design loads may 
be greater than for category an above. 
The Green Guide (1997) did not give relevant guidance about these loads and proposed 
some particular concerns during the staging of pop concerts.  Separately the Green 
Guide specifically noted that calculation of frequency should be given due 
consideration to the mass of the spectators, rather than the BS 6399: Part-1 and the 
later Institution of Structural Engineers publication (IStructE 2001) which specify the 
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use of natural frequencies based on an empty grandstand. 
2.9.3. Institution of Structural Engineers Interim Guidance (2001) 
Towards the ends of the 1990s there were a number of incidents at stadia involving 
dynamic crowd loading (John et al. 2000).  This led to the formation of a working 
group of the Institution of Structural Engineers (IStructE), the Department for Culture 
Media and Sport, and the Office of the Deputy Prime Minister (BRE 2004).  The output 
from this work was a report entitled “Dynamic performance requirements for 
permanent grandstands subject to crowd action - Interim guidance on assessment and 
design” published by the IStructE (2001). 
The working group acknowledged that there was no guidance available for detailed 
analysis of the dynamic response of stadium structures and that there was an absence 
of performance criteria other than indicative or trigger values of natural frequency.  
The aim of the interim report was to provide guidance on vertical natural frequencies 
necessary to provide safety and adequate comfort for different categories of stadium 
use (IStructE 2001). 
The interim guidance suggested minimum desirable vertical natural frequency for 
different categories of stadium use, shown in Figure 2.11. 
 For new stadia hosting sporting events only, it was recommended that the first 
vertical natural frequency of the structure be above 3.5Hz; 
 For stadia hosting concerts, it was recommended that the first vertical natural 
frequency of the structure be above 6Hz. 
IStructE (2001) used the vertical frequency of the empty grand as only criterion for 
assessing the acceptability of grandstands for using with dynamic loading arising from 
crowds. 
BRE (2004) noted that these frequency limits were based on the experience of the 
committee members, although the report does give further details. 
The limit of 6Hz for an empty grandstand is to achieve a natural frequency outside the 
range excitable by the second harmonic loading component. This limit is not 
considered that higher load harmonics due to the difficulties of getting enough 
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synchronisation of the crowd loading.  Grandstands with vertical natural frequencies 
greater than 6Hz can ensure safety and should provide adequate levels of comfort for 
all but the most extreme pop-concert style excitation (IStructE 2001). 
 
Figure 2.11 Frequency criteria for assessment and design (after IStructE 2001) 
The interim guidance report acknowledged that the frequency limits were a coarse 
grading and indirect approach and that it was desirable to produce a more details 
assessment method that would predict the vibrations levels that would occur under 
crowd loading – this came later, see below section 2.8.6. 
2.9.4. Canadian Building Code 
The National Building Code of Canada 2005 (NBCC 2005) provided detailed guidance 
on the dynamic loading and response of structures to rhythmic activities.  At the time 
of design of Thomond Park, it was one of the few authoritative references giving 
detailed performance criteria.  Due to reported vibration problems with long span floor 
structures used for rhythmic activities, floor structures with a natural frequency of less 
than 6Hz that supported an assembly of people were required to undergo a dynamic 
analysis (NBCC 2005).  The NBCC (2005) therefore provided detailed guidance on 
dynamic loading, but also human reaction. 
The NBCC pointed out structure vibration result from rhythmic activities tends to 
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annoy people and people’s perception of the vibration decides an acceptable level of 
vertical vibration.  According NBCC’s proposal (2005), for stadia the accelerations in 
the range of 10 to 18 percent of gravity are deemed to be acceptable. 
The NBCC (2005) noted that acceptable levels of vibration are strongly linked on the 
activity of people who feel the vibration.  Table 2.3 illustrates that the acceptable limits 
of acceleration vary from 0.4-0.7 %g for office workers to 10-18 %g for stadium 
occupants, assuming that there are no ‘sensitive occupancies’.  The latter figures are 
based on testing (Kasperski 1996) and feedback from experience (NBCC 2005). 
Table 2.3 Recommended acceleration limits for vibrations due to rhythmic 
activities (after NBCC 2005) 
Occupancies Affected by the Vibration Acceleration Limit, % gravity 
Office and residential 0.4 to 0.7 
Dining and weightlifting 1.5 to 2.5 
Rhythmic activity area  
In an office or residential building 4 to 7 
In a stadium or arena 10 to 18 
 
2.9.5. Willford Method: Assessment Based on Natural Frequency (2005) 
Although much guidance has been published, there some parameters relevant to the 
design of grandstand structures for human dynamic actions are not well defined, and 
Willford presented procedures based on existing knowledge in 2005. 
The natural frequencies of a structure are key parameters in the evaluation of dynamic 
performance (Willford 2005).  The natural frequencies of simple idealised modes can 
be calculated by hand that shows in Figure 2.12.  Figure 2.12 illustrates the first three 
vibrational modes of an unloaded cantilever.  However, grandstand structures are 
usually not regular like a simple cantilever beam.  In these cases, it will be necessary 
to develop a 2D or 3D model of a grandstand, particularly when the stiffness is not 
uniform across all frame of the grandstand. 
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Figure 2.12 The first three natural frequencies and mode shapes of a cantilever  
beam (afher Inman 2008). 
The practised individuals and jumping at 3.5 or 4 Hz, but it is difficult for large groups 
of people to jumping with good co-ordination at frequencies above 2.75 Hz (Willford 
2005).  The natural frequency of grandstand should be beyond the range excitable by 
the first harmonic for hosting sports events, and for pop concerts the first two 
harmonics.  For these reasons, The grandstand is regarded as meeting the requirement 
for the stated type of spectators’ activity when natural frequencies are greater than the 
values given in Table 3.1 (Willford 2005). 
Table 2.4 Minimum natural frequency (Hz): (after Willford 2005) 
 
 
The recommended minimum natural frequencies for pop concerts between Willford 
method (2005) and IStructE Interim Guidance (2001) are different.  Willford proposed 
when natural frequencies of grandstands greater than 7Hz are deem as acceptable for 
all pop concerts.  However, grandstands with natural frequencies exceeding 6 Hz 
should be adequately comfortable for most pop concerts, excluding the most extreme 
 Vertical Horizontal 
Sports 3.5 1.75 
Pop concerts 7.0 1.75 
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pop concert in IStructE Interim Guidance (2001).  Thus, Willford proposed minimum 
natural frequency is 7 Hz for all pop concerts maybe because of providing a safety 
margin.  But this paper will adopt the limit of natural frequency is 6 Hz for pop concert 
when applying Willford’s method. 
The natural frequencies of structures do not take account of the mass of occupants, 
however, all the permanent mass should be add to the main structure (Willford 2005).  
Other significant factors should be represented in the structures where necessary.  For 
example, foundation flexibility may have a great effect on the natural frequencies and 
non-structural elements could change the natural frequencies by adding significant 
mass and stiffness to a grandstand. 
Stationary people of crowd can significantly change the dynamic properties of a 
grandstand (Willford 2005).  For instants, a stationary people can lead to a reduction 
in natural frequency, an increase in modal mass and a significant increase in damping.  
Thus, Willford also proposed “Performance-based Assessment” method taking these 
effects into account, more detail will give in Chapter 3. 
2.9.6. Institution of Structural Engineers (IStructE) 2008 
The Interim Guidance was straightforward to judge safety of stadia through comparing 
the ‘trigger value’ frequency limits of BS6399 (1996) and the 1997 Green Guide.  But 
it will be less clear in many cases.  Thus, a method of design and operation that was 
based on an estimate of performance was necessary when compared with the effects 
of crowd in real structures.  This was the ongoing research of the Joint Working Group 
from 2002. 
In December 2008 the IStructE published ‘Dynamic Performance Requirements for 
Permanent Grandstands subject to Crowd Action’, the improvement of the Interim 
Guidance (IStructE 2001). 
This design guide proposes two acceptable “Routes” for the design and assessment of 
permanent grandstands structures subject to synchronised crowd loading.  “Route 1” 
is based on natural frequency limits, is similar to the Interim Guidance, while “Route 
2” aims to estimate the performance of a grandstand under a specified loading scenario. 
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The natural frequency limits of “Route 1” are a simplification of those used in the 
Interim Guidance, details shown in Figure 2.13.  The first natural frequency of 
Grandstand should exceed recommended minimum limit of 3.5Hz for sports usage and 
recommended minimum limit of 6Hz concert usage. 
“Route 1” is just according to the physical characteristics of grandstand to simply 
check the safety.  “Route 2” method requires analysis of the performance of the 
grandstand under dynamic crowd loading and then the detail is in Chapter 4. 
 




Where floors are likely to be subject to dancing and jumping activities characterized 
by synchronised crowd movement, the floor must be designed for ultimate limit state 
considerations in accordance with the requirements given in the National Annex to BS 
EN 1991-1-1 (NA to BS EN 1991-1-1:2002). 
According to these Standards: 
Imposed loads should be considered as quasi-static actions (see EN 1990, 1.5.3.13).  
The load models may include dynamic effects if there is no risk of resonance or other 
significant dynamic response of the structure, see EN 1992 to EN 1999.  If resonance 
effects from synchronised rhythmical movement of people or dancing or jumping may 
be expected, the load model should be determined for special dynamic analysis. 
Irish National Annex states where resonance effects may be expected, an appropriate 
dynamic analysis procedure compatible with EN 1990, the relevant sections of EN 
1991, and the other Eurocodes, should be adopted. 
UK National Annex states that “resonance of the structure should be avoided by 
limiting its natural frequencies so that the vertical frequency is greater than 8.4 Hz and 
horizontal frequency is greater than 4.0 Hz.  These frequencies should be evaluated for 
the appropriate mode of vibration of an empty structure.” (BSI, 2002b). 
The floor should be designed to resist the anticipated dynamic loads due to rhythmic 
activity which should be considered as an additional imposed load case.  Many design 
guidance has been developed.  However, IStructE 2008 remains the most up to date 
official design guidance for stadium structures. 
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Table 2.5 Summary of Vertical Frequency Limits Given in British Standards and 
Design Guides (after Browning 2011) 
Publication Vertical Frequency Limit Harmonics Avoided 
BS6399 Part 1 1984 None - 
BS6399 Part 1 1996 8.4Hz 1st 2nd and 3rd 
HMSO Green Guide 4th Edn 
1997 
6Hz* 1st and 2nd 
IStructE Interim Guidance for 
Dynamic Performance of 
Permanent Grandstands 2001 
3.5Hz for viewing only 
6Hz for pop concerts 
1st and some 2nd for 
viewing only 
1st and 2nd for pop 
concerts 
BS6399 Part 1 1996 with 2002 
amendment 
8.4Hz 1st 2nd and 3rd 
BRE Digest 426 2004 Edn 
8.4Hz for jumping on floors 
6Hz for pop concerts on 
grandstands 
1st 2nd and 3rd 
1st and 2nd for pop 
concerts on 
grandstands 
The National Building Code of 
Canada 2005 
6Hz  
Thomond Park under design 
Willford Method: Assessment 
Based on Natural Frequency 
(2005) 
3.5Hz for sports 
7Hz for pop concerts 
1st  
1st and 2nd 
IStructE Dynamic Performance 
Requirements for Permanent 
Grandstands 2008 
3.5Hz for viewing of typical 
sporting events and classical 
concerts 
6Hz for pop concerts and 
high-profile sporting events 
1st and some 2nd 
1st and 2nd 
National Annex to Eurocode 1 
NA to BS EN 1991-1-1:2002 
(pub 2005) 
Eurocode in use in Ireland since 
2010 
8.4Hz 1st 2nd and 3rd 
* Frequency limits given for structure with the mass of occupants 
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2.11. Latest Research 
Salyards and Hua (2015) undertook an experimental study to simulate the effects of 
human-structure action and to compare results to those predicted by the IStructE Route 
2 method.  The laboratory floor structure consisted of a 8.23 x 3.35 x 0.0635m concrete 
floor supported by steel beams.  The first natural frequency of the structure was 
determined experimentally to be 6.6Hz.  The structure was loaded by different group 
sizes of people, which resulted in a range of mass ratios (Figure 2.14).   
 
Figure 2.14 Experimental test set-up – crowd ‘active’ with bent knees and a dense 
distribution (after Salyards and Hua 2015). 
A finite element model of structure and crowd, using the recommendations of the 
Route 2 method, was constructed using the SAP2000 software.  The results of the 
study showed that the parameters of the ‘active and mostly standing’ crowd from the 
Route 2 guidance satisfactorily represented the dynamic response of the structure with 
occupants standing with bent knees.  The maximum difference in natural frequencies 
between modelled and measured was 0.18Hz for different crowd densities.  The Route 
2 model also predicted the significant increase in damping due to the crowd.  The study 
showed that results with the passive crowd were not as successful, however it is the 
active crowd that is most relevant to this current study.  The study did not compare 
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output accelerations. 
Browning (2016) undertook an experimental study at the University of Bath.  This 
aimed at collecting stadia-specific human perception data.  This data is compared with 
the serviceability criteria provided in the IStructE Route 2 approach that is used to 
limit the accelerations that spectators experience during sporting and music events.  
The output of this work is a new set of human-comfort based serviceability criteria 
which provides a more flexible approach to define probability focused vertical Route 
Mean Squared acceleration limits which designers and clients can use for various 
events (Figure 2.15).  When compared with the IStructE limits, the proposed values 
are more conservative. 
 
Figure 2.15 Comparison of IStructE and proposed acceptance criteria for vertical 
RMS accelerations (after Browning 2011). 
Recent work by Li et al. (2018) has shown that a crowd load model can be developed 
using 3D motion capture technology.  In this work a relatively large crowd, compared 
to previous experimental work in this area, of up to 48 people jumped to the beat of a 
metronome at selected frequencies between 1.5 – 3.5Hz (Figure 2.16).  During this 
time the trajectories of markers on each person were recorded at a rate of 100 frames / 
second.  This allowed the vertical acceleration of each jumper to be determined by 
differentiating the recorded vertical displacement twice.  Dynamic load factor curves 
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were then determined which could reflect the synchronisation between the 
participants.  This technology has clear applications to large crowds, such as those 
present at stadia. 
 
Figure 2.16 Experimental set-up for determining dynamic load factors for crowds 
jumping using motion capture (after Browning 2011). 
While the above work has focus on the vertical plane, Vasilatou et al. (2017) developed 
a two degree of freedom spring-mass-damper-actuator system which aimed to 
represent a crowd swaying side to side laterally on a stadium structure.  The dynamic 
properties for this model were determined from experimental testing.  The Human 
Structure Dynamic Interaction (HSDI) model was applied to a finite element model of 
a real grandstand structure (Figure 2.17a) where the first global sway model of 0.61Hz 
was less than the 1.5Hz value recommended by the IStructE (2008).  Loading of the 
structure was applied using Dynamic Load Factors (DLFs) and the HSDI model.  
Acceleration results from the grandstand show that the HSDI model which 
incorporates sway produces results which are 0.33-0.50 times those of the traditional 
DLFs (Figure 2.17b).  The results are from a crowd with 100% participation and no 
allowance for lack of coordination.  As such the results are an upper bound and would 





Figure 2.17 a) Stadium model – 1st sway mode at 0.61 Hz; b) accelerations due to 
Dynamic Load Factors (DLF) and Human Structure Dynamic Interaction (HSDI) 





3. Performance-based Assessment 
Method 
3.1. Introduction 
This chapter describes in detail the analysis and assessment process for the 
Performance-based Assessment method as proposed by Willford (2005).  Where it is 
difficult and/or expensive to achieve natural frequencies above the minimum code 
limits the Performance-based Assessment provides a method, and associated detailed 
design information, to assess if the grandstand is acceptable for concert events basing 
on its performance under dynamic loading. 
3.2. Design Process 
The Performance-based Assessment tries to predict the dynamic responses that will be 
generated under specified crowd activities using a modal analysis. 
Modal analysis is the field of measuring or calculating and analysing dynamic 
responses of structures.  In modal analysis the dynamic responses of a structures is 
calculated mode by mode rather than directly for individual points and the modal 
responses can be combined by linear superposition to derive the total responses at 
individual points i on the structure (Willford 2005).  Each mode j of the structure can 
be represented by a single degree of freedom (SDOF) dynamic system, which has the 
same dynamic properties are modal frequency fj,, modal mass Mj, modal stiffness Kj, 
and modal damping ratio j  as the mode itself.  Excitation forces over the structure are 
transformed into a modal force Fj and resulting modal response (displacement) is Yj. 
An important part of the analysis is to identify all the modes of the structure that could 
be excited into resonance by audience activity.  Willford (2005) proposed that vertical 
modes less than 7Hz and lateral modes less than 1.5Hz are required for modal analysis. 
The overall process for the Performance-based Assessment is detailed in Figure 3.1 
and explained in the following sections. 
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Figure 3.1 Design process for ‘Performance-based Assessment’ method 
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3.2.1. Requirement for Performance-based Assessment 
The first step in the process is to determine if a Performance-based Assessment is 
actually required.  The trigger value to this is based on guideline minimum natural 
frequency values as described in Section 2.8.5, i.e. 6Hz for pop concerts events and 
3.5Hz for sports events.  If the natural frequency of the stadium structure is below 
these values then the structural design of the grandstand should be changed or a 
Performance-based Assessment be undertaken. 
3.2.2. Mode Shape 
A mode shape is a specific pattern of vibration executed by a mechanical system at a 
specific frequency.  The mode shape is defined as a set of displacements describing 
the relative values of the vibration at each point i on the structure.  The relative 
displacements of a mode shape are intrinsic properties of the structure not affected by 
the type of loading (Willford 2005). 
Modal properties can be estimated by hand-calculation for simple structural forms 
such as beams and simply supported uniforms plates.  The mode shape for the first 
mode of vibration for a cantilever beam is shown in Figure 3.2.  The shape in this 
instance takes the form of the deflected shape of a cantilever beam with a uniform 
load. 
 
Figure 3.2 The first natural frequency and mode shape of a cantilever beam (after 
Inman 2008) 








   3.1 
where i  is the relative value of the vibration at point i on the structure, id  is the 
displacement at point i and maxd  is the maximum displacement, i.e. max 1  . 
The mode shape is an important parameter in this assessment method as it will be used 
to determine the modal mass and modal force and for a simple cantilever beam it is 
convenient to calculate mode shape by hand.  However, grandstand structures are 
usually not regular like a simple cantilever beam.  In these cases, typically a Finite 
Element Analysis (FEA) is used to determine the mode shapes. 
3.2.3. Modal Mass 
The modal mass is defined as the effective mass participating in the vibration of the 
structure (Willford 2005).  The effective modal mass provides a method for judging 
the “significance” of a vibration mode. Modes with relatively high effective masses 
can be readily excited by base excitation.  On the other hand, modes with low effective 
masses cannot be readily excited in this manner. 
Modal mass at mode j can be calculated as follows (Willford 2005): 
 
2
j i iM m  3.2 
where jM  is the modal mass for mode j, the summation for modal mass includes the 
mode shape displacements in all directions (degrees of freedom); im  is the mass at 
point i; i  is relative value of the vibration of the structure at point i. 
Typically, a FEA software package will output the relative displacements at each node, 
‘i’, and the mass for each node, ‘mi’. The modal mass can then be determined as part 
of a user defined spreadsheet calculation. 
3.2.4. Dynamic Load Factors (DLFs) 
Repeated dynamic forces, such as those generated by a crowd jumping or bouncing, 
can usefully be deemed as being a summation of a series of ‘harmonic components’.  
A harmonic force varies with time as a sine wave.  Complex repeating force patterns 
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can be represented as the sum of a number of sine wave components at integer 
multiples of the basic forcing frequency, each with its own magnitude and phase 
(Willford 2005). 
The first harmonic is that component of the force acting at the basic rate of the 
repeating activity, the second harmonic at twice the basic rate, the third harmonic at 
three times the rate, and so on.  These harmonic forces are sometimes expressed as 
‘Dynamic Load Factors’ (DLFs), which is defined as the magnitude of the harmonic 
force divided by the weight of the person or group of people involved in the activity 
(Willford 2005).  For example, a dynamic load factor of 0.25 means the dynamic force 
amplitude at a particular frequency is equal to quarter the weight of the people. 
Dynamic load factors ‘Crowd Jumping’ 
Willford (2005) plotted DLF data from the National Building Code of Canada (NBCC) 
and the British Standard (BS) as shown in Figure 3.3.  BS6399 gave theoretical values 
for different contact time ratios (ratio of time in contact with structure to period of 
jumping) and Figure 3.3 gave the results for ratios 0.33, 0.50 and 0.67.  However, the 
section on dynamic loading was deleted from BS6399 in 2002. 
 
Figure 3.3 Code DLFs for group jumping (after Willford 2005) 
Different kinds of events can lead to different audience actions and dynamic loading.  
At the design stage appropriate worst-case scenarios must be agreed by the client and 
engineer.  The most onerous assumption is that a large part of an audience may engage 
in jumping, and a grandstand which performs adequately under this condition will be 
suitable for any type of event (Willford 2005). 
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Willford derived values for DLF for crowd jumping for varying crowd sizes based on 
the work of Ellis and Ji (2004) whose work is summarised in Figure 3.4 (Willford 
2005). 
 
Figure 3.4 Measured DLFs for group jumping (after Willford 2005) 
Based on this work Willford (2005) proposed a method of calculating the DLF for a 






DLF f  

 3.3 
where f is natural frequency of the structure that could be excited into resonance by 
audience activity. 











Where  0.24 0.03 4.0f      
Figure 3.5 is a visual representation of Equation 3.3 and 3.4. 
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Figure 3.5 Proposed 2nd and 3rd harmonic DLFs for crowd jumping (after Willford 
2005) 
Dynamic load factors ‘Crowd Bouncing’ 
Willford (2005) stated that there was little data available for other forms of excitation 
at the time of writing. The proposals in Figure 3.6 were developed from limited 
measurements and recommendations reported in the literature and provide design 
guidance for activities such as ‘whole crowd bouncing’ and seated activities. 
 
Figure 3.6 DLFs for other vertical actions (after Willford 2005) 
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3.2.5. Modal Force 
The modal force can be considered as the ‘effective force’ exciting a given mode 
(Willford 2005). 








  3.5 
where iF  is the value of force at point i and ij  is the mode shape displacement at 
point i in the direction of the action of the force, j. 
The modal force in the case of a grandstand structure can determined as part of a user 
defined spreadsheet calculation. 
3.2.6. Damping Ratio 
In engineering, the damping ratio is a dimensionless measure describing how 
oscillations in a system decay after a disturbance.  Many systems exhibit oscillatory 
behaviour when they are disturbed from their position of static equilibrium.  A mass 
suspended from a spring would bounce up and down if pulled and released.  On each 
bounce, the system is "trying" to return to its equilibrium position.  Losses ‘damp’ the 
system and cause the oscillations to gradually reduce in amplitude towards zero.  The 
damping ratio is a measure describing how rapidly the oscillations decay from one 
bounce to the next. 
For a damped harmonic oscillator with mass m, damping coefficient c, and spring 
constant k, it can be defined as the ratio of the damping coefficient in the system's 






    3.6 
where   is the damping ratio. 
If the frequency of a continuous harmonic excitation force equals the natural frequency 
of a mode, then the dynamic amplification factor is  1 2 .   
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Damping of steel structures are in the region of 0.01 to 0.02 (Willford 2005).  So, the 
dynamic amplification of the response may be between 25 and 50.  Figure 3.7 
illustrates the resonance amplification curves for a variety of damping ratios. 
 
Figure 3.7 Resonance amplification curves (after Willford 2005) 
3.2.7. Peak Modal Acceleration  
After the modal properties of the structure have been obtained, the dynamic response 
can be calculated for each mode.  If the structure is subjected to continuous harmonic 
excitation, then each modal response depends on the ratio of the excitation frequency 
to the natural frequency of the mode.  Using the definitions above, the dynamic 
response of the mode can be calculated, characterized by the modal displacement 
amplitude Yj. 
Modal Stiffness Kj can be calculated by (Willford 2005): 
  
2
2j j jK f M   3.7 

















                      
  3.8 
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where j jF K  is the static deflection of the mode under modal force jF , and the 
multiplying term can be regarded as a dynamic magnification factor.  The variation of 
magnification factor with frequency ratio and damping ratio is shown in Figure 3.7. 







   3.9 
where  1/ 2  is the dynamic amplification factor. 
The response amplitude at any point in the real structure in this mode is then: 
 i jy Y   3.10 
where i refers to the point on the actual structure under consideration. 
Human perception of motion is usually related to acceleration rather the displacement.  














  3.11 
Note that at resonance, when the forcing frequency equals the natural frequency, 
2 2










   3.12 
 
The peak modal acceleration is the parameter to judge if the performance of the 
grandstand structure is acceptable in Willford ‘Performance-based Assessment’ 
method and Equation 3.12 is used to calculate the peak acceleration in the Chapter 4. 
3.3. Acceptable Vibration Levels 
For serviceability assessments related to human perception of vibrations, it is the 
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acceleration levels which should be determined.  However, the question of what 
acceptable vibration levels are must then be considered.  Vibration criteria intend to 
define levels below which there is unlikely to be significant discomfort and alarm. 
For guidance on acceptable vibration levels in structures subject to jumping loads, it 
seems appropriate to examine data obtained at such events.  A number of experiments 
were undertaken in Germany on cantilevered grandstands by Kasperski (1996).  
Recommended peak accelerations following this work are given in Table 3.1.  It can 
be seen that 35%g is a significant limit as above this level panic may occur for 
repetitive jumping.  However, below this level the vibration levels will certainly be 
felt by anyone remaining stationary on the structure.  BRE Digest 426 (2004) suggests 
the use of peak acceleration limits levels proposed by Kasperski (1996).   
Table 3.1 Kasperski’s (1996) categories for peak acceleration levels as 
summarised by BRE (2004) (for a frequency range <10Hz) 
Vibration level Reaction 
<5% g Reasonable limit for passive persons 
<18% g Disturbing 
<35% g Unacceptable 
>35% g Probably causing panic 
 
Willford (2005) proposed that vertical accelerations in grandstand structures should be 
limited to 30% of gravity under severe audience activity types.   
In the design of Thomond Park reference was also made to the Canadian National 
Building Code (2005) which stated that acceleration values in the range of 10-18% of 
gravity are said to be acceptable for stadium structures.  
3.4. Effect of Human Occupancy on Modal Properties 
When all of the audience actively excite the structure, there is no significant effects on 
the structural properties.  The grandstand has however a significant difference in the 
apparent dynamic properties as structure is occupied with passive humans (Willford 
2005).  Therefore, frequency, modal mass and damping need to be modified when 
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considering the effect of the passive crowd. 
Willford (2005) derived Figure 3.8-3.9 from measurements by Sachse, Pavic and 
Reynolds (2002), which show modification factors for the natural frequency, modal 
mass and additional modal damping as a function of the mass of passive humans to the 
structure mass.  Figures 3.7-3.9 show that modal mass and damping are increasing 
with considering the effects of passive humans.  At the same time the modal force is 
reduced due to the part of audience is not active.  These will typically lead to a 
significant reduction in accelerations. 
 
Figure 3.8 Frequency reduction factor (after Willford 2005) 
 
Figure 3.9 Effective structure mass (after Willford 2005) 
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Figure 3.10 Empty structure additional damping (after Willford 2005) 
In order to take account of the effect of partial participation of the audience, the first 
step needs to determine human mass ratio that the weight ratio of passive audience to 
structure.  Then, carry out the modification factors for the natural frequency, modal 
mass and additional modal damping according to Figure 3.8-3.9; and obtain modified 
frequency, modal mass and total damping.  Finally, as the part of audience is passive, 
the modal force needs to be modified and so the peak acceleration is predicted using 
Equation 3.12. 
In some cases, where grandstands are not designed for high energy events, i.e. some 
of audience is passive, the effect of partial participation of the audience may need to 
be considered.  However in the design of Thomond Park, and for this work, it is 
assumed that all the crowd is active as this is a more onerous condition suitable for 
design stage. 
3.5. Conclusions 
The Performance-based Assessment tries to predict the dynamic responses that will be 
generated under specified crowd activities using a modal analysis.  Willford (2005) 
provided helpful and detailed guidance on the method, along with input values that 
could be used in a design setting.  Careful selection of appropriate Dynamic Load 
Factors is particularly important, with values provided for ‘bouncing’ and ‘jumping’ 
activities.  It is recommended that peak vertical accelerations are limited to 30% of 
gravity. In this work is has been assumed that 100% of the crowd is active.    
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4. Route 2 Method 
4.1. Introduction 
This chapter aims to describe in detail the analysis and assessment process for the 
Institution of Structural Engineers’ Route 2 method and its implementation using the 
Abaqus finite element analysis software. 
As described in Section 2.9, the Institution of Structural Engineers (IStructE) 
published the ‘Dynamic Performance Requirements for Permanent Grandstands 
subject to Crowd Action’ guidance document in December 2008, which gave more 
detailed information than the their Interim Guidance report (IStructE 2001).  The 
guidance gave recommendations to be used in the design or assessment of permanent 
grandstands related to dynamic action due to crowd activity (IStructE 2008).  This 
guidance includes two methods: Route 1 and Route 2. 
The Route 1 method is based solely on the limits of natural frequency for the 
grandstand structure, with recommended minimum limits of 3.5Hz for sports events 
and 6Hz for pop concerts (Figure 2.13), with the implication that excitation by crowd 
activity is unlikely for structures of these stiffness’s.  The Route 1 method does not 
require assessment of the actual performance of the grandstand under dynamic crowd 
loading. 
The Route 2 method was developed with the aim of reproducing patterns of behaviour 
observed in actual structures subject to dynamic crowd loading (IStructE 2008).  It is 
difficult for any method to deal with all the variations in behaviour and structural 
characteristics that affect how crowds interact with a structure and, as such, results are 
to be regarded as indicative of actual behaviour rather than a precise prediction of 
performance (IStructE 2008).  Importantly however, the Route 2 method provides a 
consistent approach to the design and assessment of grandstand structures where the 
major factors that determine the dynamic behaviour are accounted for. 
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4.2. Design Guidance 
Prior to the Route 2 guidance, explicit treatment of human structure interaction was 
not considered in design guidance for active crowd loading. In its place, the load by 
an individual or a crowd was assumed to be externally applied and unaffected by the 
motion of the structure.  This assumption of stiff structural elements being loaded by 
a crowd bobbing or jumping was not necessarily appropriate in all cases.  Furthermore, 
laboratory and full-scale tests have shown that it is necessary to take account of crowd-
structure interaction if the structural response near resonance is not to be significantly 
overestimated (IStructE 2008). 
4.2.1. Human-structure Model 
In order to simulate the effects of crowd loading, the Route 2 method proposes a finite 
element model, which is made up of a linear elastic structural model and additional 
elements representing groups of people.  Body unit elements are used to model the 
crowd loading in which motion of the combined structure-crowd system is caused 
solely by forces generated within the system itself (IStructE 2008).  These crowd 
elements, or body units, are spring-mass-damper systems, as shown in Figure 4.1, each 
energised by an actuator represented by the forces P(t) that cause dilation of the crowd 
or body unit by means of a pair of equal internal forces applied in opposite directions.   
The guidance states that the properties of the crowd units depend on whether people 
are predominantly standing or sitting whilst the forces P(t) relate to the type and 
intensity of activity in the crowd (IStructE 2008).  The human-structure model has two 
degrees of freedom (2DOF) with an associated crowd body mass (m), the internal input 
force, crowd stiffness (k) and damping (c).  This force pair is presented by the periodic 
loading function P(t) (refer to Section 4.2.4) resulting in F(t), the contact force with 
the supporting structure. If the structure was rigid this contact force would be equal to 




Figure 4.1 Body unit and supporting structure (after IStructE 2008) 
 
4.2.2. Design Event Scenarios 
Design event ‘Scenarios’ form the basis for a design specification for dynamic 
performance of a grandstand under crowd loading in the Route 2 method.  Table 4.1 
gives four kinds of event scenarios and corresponding descriptions of the crowd.  
Scenarios 1 and 2 are appropriate for viewing sporting events and classical 
concerts,and would normally be satisfied by Route 1 requirements (IStructE 2008).  
Scenario 3 refers to lively concerts and high-profile sporting events, whilst Scenario 4 
refers to high-energy events such as pop concerts.   
IStructE (2008) noted that the descriptions of exemplar events are indicative rather 
than prescriptive.  For example, an event may be described as a pop-concert for 
publicity purposes, but the crowd’s reaction may be only moderate and so more 
consistent with a concert with medium tempo music as envisaged for Scenario 3.   
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Table 4.1 Event scenarios and crowd behaviour (after IStructE 2008) 
Scenario Exemplar Event Crowd Behaviour Typical Activity Represented 
1 Grandstand used for viewing 
of sporting and similar events 
with less than maximum 
attendance 
Normally relaxed 
viewing public with 
spontaneous response to 
single events 
Not required. Route 1 only, but with 
discretion available by Listed 
Engineer 
2 Classical concert and typical 
well attended sporting event 
Audience seated with 
only few exceptions – 
minor excitation 
Predominantly seated with occasional 
coordinated rhythmic movement from 
standing people 
3 Commonly occurring events 
including, inter alia, high 
profile sporting events and 
concerts with medium tempo 
music  
Potentially excitable 
crowd with crowd 
participation 
All crowd considered active. 
Moderate bobbing at three quarters 
Parkhouse and Ewins’ 50 person level 
4 More extreme events 
including high energy concerts 
with periods of high intensity 
music 
Excited crowd, mostly 
standing and bobbing 
with some jumping 
The whole crowd active. Loading 
taken to be twice that for the 
commonly occurring events of 
Scenario 3 
 
The analyses of the cantilever beam in Chapter 5 and Thomond Park in Chapter 6 are 
based on Scenarios 3 and 4.  The main concerts hosted in Thomond Park are shown in 
Table 4.2, with the most recent concert held in 2013.  Concerts held to date have tended 
to be less extreme energy activities similar to Scenario 3, however it is important for 
the structure to be analysed for Scenario 4 events also to allow for future events to take 
place. 
Table 4.2 Concerts hosted to date in Thomond Park stadium  
Date Act 
6 June 2009 Elton John 
4 July 2009 Rod Stewart 
20 June 2010 P!nk 
3 – 4 July 2010 Bob Dylan 
9 June 2010 The Cranberries 
26 June 2011 JLS 
16 July 2013 Bruce Springsteen 
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4.2.3. Idealised Crowd Activities 
All individuals in a crowd are likely to move, and if music is played, the movements 
tend to become synchronised to the beat.  For the purpose of design, sections of a 
crowd are idealised as being either predominantly: 
 Standing: generating loading due to body motion over a wide frequency range 
including foot stamping, bobbing and a proportion of jumping, i.e. active; 
 Seated:  regarded as inactive, i.e. passive (Figure 4.2). 
The recommended standard design event scenarios (Table 4.1) are based on limiting 
conditions for various types of events in which everyone is considered to be active so 
that there is no passive contribution (IStructE 2008). 
 
Figure 4.2 Representation of grandstand with mass–spring–damper occupants 
(after Christopher A Jones et al. 2011) 
4.2.4. Crowd Body Properties 
Table 4.3 shows the properties of crowd body elements for various design event 




Table 4.3 Recommended properties of crowd body elements (after IStructE 2008) 





Designated and controlled 
‘no-standing’ areas 
 5 40 
Predominantly seated Scenario 2 5 40 
Active and mostly standing Scenario 3 and 4 2.3 25 
The spring stiffness of the body is determined as follows: 
 
2 24 ck f m  4.1 
where k is the crowd body stiffness, fc is the natural frequency of the body from Table 
4.3 and m is the mass of crowd based on an average mass per person of 80kg. 
4.2.5. Periodic Force Pair 
The periodic force pair is the main parameter for application of the Route 2 method.  
The internal periodic force pair P(t) in Figure 4.1 is described as the sum of by three 
harmonic components as follows (IStructE 2008): 
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The following properties are recommended by the Route 2 guidance: 
 is the crowd effectiveness factor; 
m is the mass of the crowd associated with the particular body element 
considered.  This is to be taken as 80 kg times the number of people; 
g is acceleration due to gravity 9.81 m/s2; 
Gi is the i
th ‘Generated Load Factor’ GLF; 
f is the fundamental frequency of the crowd activity in Hz; 
t is the time in seconds; 
i is the phase difference of the ith harmonic. These phase differences can 
be set to zero in calculations if only RMS values of force, displacement 
or acceleration are required. 
The periodic force pair in the case of a grandstand structure is determined as part of a 
user defined spreadsheet calculation and then input into the finite element model. 
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4.2.6. Generated Load Factors 
The Generated Load Factor (GLF) defines the loading generated by the active 
occupants of crowd.  They replace the Dynamic Load Factors used in analyses where 
effects of crowd-structure interaction are ignored.  The recommended values for the 
Generated Load Factors are given in Table 4.4.  These are derived from the synthesised 
results for a group of 50 people bobbing on a rigid platform. The values can be taken 
as constant for larger groups of people (IStructE 2008).  Typically, the groups are much 
bigger than 50 in grandstands and as such these values of GLF can be used in the next 
chapters. 
Table 4.4 Generated load factors (after IStructE 2008) 
 
4.2.7. Crowd Effectiveness Factor ‘’ 
The loading for Scenarios 3 and 4, which is considered to be the equivalent to a 
multiple of loading due to bobbing of groups of 50 people or more, is modified by an 
‘effectiveness factor’ which takes into account that activity may occur over a wider 
frequency range that is covered by testing (IStructE 2008).  The effectiveness factor 
also provides a weighting related to the frequency of occurrence of songs with varying 
tempo (IStructE 2008). 
56 
Scenario 4 
As Scenario 4 is related to high energy events the crowd effectiveness factor is based 
on safety against the possibility of crowd disturbance, or panic, as a consequence of 
the motion of the grandstand (IStructE 2008).  Route 2 provides an effectiveness factor 
shown in Figure 4.3 and given by the equation: 
    sech 2f f    4.3 
where f  is the fundamental frequency of the crowd’s activity in Hz. 
 
Figure 4.3 Effectiveness factor f for use with Scenario 4 in consideration of 
safety 
The Figure 4.3 show the peak effectiveness factor ((f) = 1) occurs at activity 
frequency of 2Hz, which could lead to high response of structures.  However, other 
activity frequencies could lead to a higher response on the structures but there is 
allowance for reduced effectiveness of the loading at low and high frequencies. 
Scenarios 2 and 3 
For Scenarios 2 and 3, which are concerned with less energetic events than events of 
Scenario 4, Route 2 gives the function of the crowd effectiveness, in equation 4.4 and 
curve graph shown in Figure 4.4 (IStructE 2008) 





  4.4 
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where f  is the fundamental frequency of the crowd’s activity in Hz.
 
Figure 4.4 Effectiveness factor f for use with Scenario 2 and 3 in consideration 
of comfort 
The effectiveness factor in this instance is weighted according to the probability of 
occurrence of commonly occurring pops songs (IStructE 2008).  The peak 
effectiveness factor ((f) = 1) occurs at activity frequency of 1.8Hz in a normal 
distribution and a standard deviation of 0.5. 
4.2.8. Effect of Group Size 
For the Performance-based Assessment guidelines, Willford (2005) derived values for 
DLF for crowd jumping for varying crowd sizes based on the work of Ellis and Ji 
(2004) where the magnitude of the load factor reduced with increasing group size.  
IStructE (2008) however proposed that for bobbing that the body unit properties could 
be taken as independent of group size based on the work of Parkhouse and Ewins’ 
(2006). 
4.3. Modelling in Abaqus 
The finite element analysis (FEA) software used in this work is Abaqus.  Abaqus is a 
powerful and versatile software suite for finite element analysis and computer-aided 
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engineering.  Abaqus was used on a previous project in this area and is the basis of the 
FEA module run at the University of Limerick.  There is a relatively steep learning 
curve with the software. 
4.3.1. Structural Model 
At the start of modelling in Abaqus, ‘parts’ need to be created for the structure.  There 
are two options: create directly in Abaqus or input from other software, such as 
AutoCAD.  Abaqus can model appropriate parts according to different requirements 
and has convenient drawing functions, as shown in Figure 4.5.  However, for structures 
with complex geometry it is more convenient to input from AutoCAD. 
 
Figure 4.5 Creating parts in Abaqus 
For modelling in Abaqus, appropriate ‘Step’ and ‘Job’ functions need to be created.  
For simulating the performance of grandstands under crowd activities the ‘Modal 
Dynamics Step’ is used in this work. 
Following this, material and section property information needs to be specified and 
assigned to the corresponding parts in Abaqus.  Typically the structural frame is 
created and assigned material and section property features in Abaqus, with other non-
structural elements applied as non-structural masses. 
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4.3.2. Crowd Body Model 
IStructE (2008) proposed representative crowd body elements described in Section 
4.2.4 above.  These spring-mass-damper systems need to be added to structural model 
in Abaqus.  The first step is to specify the locations of crowd models and connect them 
to the structure.  Then mass, spring stiffness, damping and periodic loading properties 
are applied. 
Partitioning and reference points 
The ‘Partition’ tool is used to divide a ‘part’ or assembly into many regions.  In 
grandstand structures, it is used to determine the location of the crowd body elements.  
Partitioning is applied in the longitudinal direction of the beam, creating common 
nodal positions. 
The beam length is considered to be 1.0 by default.  Once selected, the first partition 
is applied.  For example if a total of four nodal positions will be modelled, five 
partitions are required.  The initial partition is applied by dividing by 1/5 (0.2), 
reselecting the remainder, again normalised by default and dividing by 1/4 (0.25).  
Successively dividing by 1/3, 1/2 forming a series and can be applied for any desired 
number of partitions. 
In following analyses, part of reference points is used for applying the mass of 
occupants.  Thus, reference points are located orthogonally to the beam surface and 
vertically above the predetermined partition joints.  These are modelled as parts with 
no material properties. 
Spring and dashpot 
The spring and dashpot properties are applied to the crowd body model.  The 
appropriate body stiffness is applied from Equation 4.1 (Section 4.2.4), and the dashpot 
coefficient from Table 4.3 based on the relevant scenario event. 
Periodic loading function 
The periodic loading function is first processed in Microsoft EXCEL and then 
imported to Abaqus via the amplitude setting.  It is applied as a ‘Smooth Step’ which 
varies the rate of harmonic loading with respect to time.  The data is applied in the 
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‘Edit Amplitude’ setting by simply pasting to appropriate column from EXCEL. 
Periodic force pair 
The loading force pair P(t) is now designated to the specific load criteria to simulate 
the dynamic force.  The internal periodic force pair P(t) is amplified with CF1 set to 0 
while CF2 is set to maximum positive and negative values. 
Constraints: Tie 
In the interaction module, mechanical interactions between regions of a model or 
between a region of a model and its surroundings may be defined by constraints, such 
as a ‘tie’.  The virtual connections between the partition joints and corresponding 
crowd body elements are modelled as tie constraints, with no associated mass or 
stiffness matrix.  The ties connect the structure to the location of the crowd body 
elements. 
4.4. Analysis of Results 
4.4.1. Root Mean Square (RMS) 
Route 2 recommends using Root Mean Square (RMS) acceleration and displacement 
are used as the indicators for measuring the vibrations felt by audiences in a grandstand 
scenario, rather than the peak values (IStructE 2008). For any function x(t) the RMS 
value over the interval of time T is given by, 










  4.5 
The RMS value varies with time and depends somewhat on the choice of the interval 
T.  Route 2 recommends an interval T of 10 seconds (IStructE 2008).   
4.4.2. Maximum Response 
IStructE (2008) note that it should be recognised that the maximum response will not 
necessarily occur crowd activity frequencies that excite the natural frequency of the 
empty structure or even at a natural frequency of the combined crowd and structure 
system because of frequency dependence on the specified body loading.  Therefore, 
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the analysis will need to include a range of closely spaced frequencies for identifying 
the maximum response. 
4.5. Acceptance Criteria 
The recommended RMS acceleration limits are given in Table 4.5.  For Scenario 4, 
Route 2 recommended the maximum RMS is less than 20% of gravity.  The design 
acceleration limits for Scenario 3 and 2 are 7.5%g and 3%g respectively.  In addition 
Route 2 specifies that the maximum dynamic component of displacement due to crowd 
loading should not exceed 7mm RMS (IStructE 2008). 
Table 4.5 Acceptance criteria for each scenario (after IStructE 2008) 
Scenario Crowd Expectation 
Natural Frequency or Acceleration 
Limit 
1 Comfort 
Route 1 with 3.5Hz min. or accepted at 
the discretion of a Listed Engineer 
2 Comfort 
Route 1 with 3.5Hz min. Is normally 
adequate but otherwise Route 2 and 3%g 
max. RMS acceleration 
3 
A few individuals may complain at 
lack of comfort, but most will 
tolerate the motion 
Route 1 with 6Hz min. Otherwise Route 
2, and 7½%g max. RMS acceleration 
4 
Excitement and motion but with 
expectation of personal safety 
Route 1 with 6 Hz min. Otherwise Route 
2, and 20%g max. RMS acceleration 
 
In the absence of ‘front-to back’ nodding modes where there is a prospect that the 
horizontal component of acceleration will be significant even with only vertical 
excitation, IStructE (2008) note that it is sufficient to consider only the vertical 
component of acceleration in meeting the limits for acceleration given in Table 4.4. 
4.6. Conclusions 
The Route 2 method was developed with the aim of reproducing patterns of behaviour 
observed in actual structures subject to dynamic crowd loading.  While it is difficult 
for any method to deal with all the variations in behaviour and structural characteristics 
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that affect how crowds interact with a structure and, as such, results are to be regarded 
as indicative of actual behaviour rather than a precise prediction of performance.  
However, the Route 2 method provides a rigorous and consistent approach to the 
design and assessment of grandstand structures where the major factors that determine 
the dynamic behaviour are accounted for, including the crowd-structure interaction. 
The Route 2 method defines four kinds of event scenarios based on different crowd 
behaviour.  Scenarios 1 and 2 appropriate for viewing sporting events and classical 
concerts, and would normally be satisfied by Route 1 requirements.  Scenario 3 refers 
to lively concerts and high-profile sporting events whilst Scenario 4 is for high energy 
events such as pop concerts. 
The Route 2 method proposes the use a finite element model to simulate the effects of 
crowd-structure interaction.  A linear elastic structural model is combined with crowd 
spring-mass-damper elements representing groups of people.  Detailed guidance is 
given on the input parameters for these elements and loading. 
The Route 2 method recommends the use of Root Mean Square (RMS) accelerations 
and displacement as the indicators for measuring the vibrations felt by audiences.  For 
Scenario 4 a RMS acceleration limit of 20%g is proposed.  The acceleration limits for 
Scenarios 3 and 2 are 7.5%g and 3%g respectively.  There is also a recommended limit 




5. Cantilever Grandstand 
5.1. Introduction 
This chapter will assess a cantilever beam subject to dynamic excitation by a crowd 
using two methods, ‘Performance-based Assessment’ and Route 2.  The purpose of 
undergoing this research is for the author to be acquainted with these two methods and 
understand the key parameters.  The layout and loading of the beam used here is based 
on an example from Willford (2005), however this thesis extends this work by 
comparing the effects of whole crowd jumping versus whole crowd bouncing and 
undertaking a Route 2 analysis. 
5.2. Structure Properties 
An idealised grandstand contains a cantilevered tier of uniform raking steel beams.  
The steel beam is sized based on a static design and a member size of 762×267×173UB 
is determined.  The beams are at 7.0m centres, supporting six rows of precast concrete 
seating decks.  The plan length of the cantilever is 6.0m, its rise 3.0m and inclined 
length 6.71m.  The total self-weight of steel beam and concrete seating mass per unit 
length (inclined) is 2.27m t m .  Each row has 14 seats with a total number of 
occupants of 84. Each occupant has a mass of 76.5kg which gives a force per row of 
10.5kN.  Young’s modulus for the steel beam is taken as 200GPa.  Poisson’s Ratio is 
0.3.  Dynamically consistent units are used throughout and this analysis uses tonnes, 
kN, m, s. 
Figure 5.1 shows the cantilever beam and representing crowd loads. 
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Figure 5.1 Details of the cantilever beam (length unit: m) 
5.3. Performance-based Assessment 
5.3.1. Requirement for Performance-based Assessment 
The first mode natural frequency for this empty cantilever beam cantilever beam can 


























where wn is often referred to as a natural circular frequency and the natural frequency 

























200×109 Pa, second moment of area I is 2.05×10-3 m4, the total self-weight of steel 
beam and concrete seating mass per unit length (inclined) m is 2.27×103 kg/m, inclined 
length L is 6.71 m. 
This frequency is below 6 Hz and therefore according to both IStructE interim (2001) 
and IStructE (2008) does not meet the requirements for concert events.  Therefore, the 
options are to a) increase its stiffness, or b) undertake a Performance-based 
Assessment. 
5.3.2. Analysis Properties 


























As the second natural frequency of 33.1Hz is above 7Hz (refer Section 3.2), only the 
first mode of this cantilever beam could be excited into resonance by the second 
harmonic of rhythmical human activities.  Therefore one mode is required for modal 
analysis for this cantilever beam. 
Mode shape 
The mode shape is the relative values of the vibration at each point i on the structure.  
These relative values are calculated by Equation 3.1, which equals to the displacement 
at each point over the maximum displacement.  The mode shape data for the cantilever 
beam is presented in Table 5.1. 
Table 5.1 Mode shape for cantilever beams 
Node x (m) di (m) i 
1 0.56 1.250×10-3 1.00 
2 1.68 0.937×10-3 0.75 
3 2.80 0.637×10-3 0.51 
4 3.92 0.365×10-3 0.29 
5 5.04 0.147×10-3 0.12 
6 6.16 0.018×10-3 0.01 
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where i  is the relative value of the vibration at point i on the structure, id  is the 
displacement at point i and maxd  is the maximum displacement 
 
Modal mass 
The modal mass at the first mode can be determined by Equation 3.2 (
2
i iM m ).  
mi is the mass at point i, for this cantilever beam, mi is determined by 
 2.27 1.12 2.54 im t t     5.3 
where the self-weight mass of steel beam and concrete per unit length is 2.27m t m  
and the spacing of the nodes is 1.12 m.  
The values of modal mass are shown in third column of Table 5.2.  The total modal 
mass is 4.89 t. 
Dynamic load factors (DLFs) 
DLFs for ‘Whole Crowd Jumping’ and ‘Whole Crowd Bouncing’ are used in this 
work.  While whole crowd jumping was used as the most onerous design case for 
Thomond Park, whole crowd bouncing is a closer match to the description for the 
crowd activity in Scenario 4 of the Route 2  
Dynamic load factors ‘Whole Crowd Jumping’ 
For this load case it is assumed that whole crowd is engaging jumping, which can be 
considered to be the most onerous excitation (Section 3.3.3).  In this example there are 
84 people jumping. 




20 0.011 11.0 5.28 0.428DLF      5.4 
The DLF for 84 people is then calculated using the DLF20 and a frequency of 5.28Hz 
(Willford 2005). 
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Thus, when it is assumed that the entire audience is engaged in vertical jumping the 
DLF84 is calculated to be 0.29. 
Dynamic load factors ‘Whole Crowd Bouncing’ 
For this load case it the whole crowd is engaged in bouncing and a DLF of 0.12 
determined according to the frequency of 5.28Hz and Figure 3.6. 
Modal force 







 ).  Fi is 
the values of force at point i, i.e. equals to occupant weight multiplying DLFs.  This 
beam supports 14 seats per row, with an occupant weight of 10.5kN per row, and a 
total number of occupants of 84. 
The Fi for jumping can be calculated by, 
 10.5 0.29 3.045iF kN kN    5.7 
The Fi for bouncing can be calculated by, 
 10.5 0.12 1.26iF kN kN    5.8 
The mode shape column gives the mode deflection transverse to the axis of the beam.  
These are the mode shape values used to calculate the modal mass.  In determining the 
modal force, it is the vertical component of mode shape at each row that used 
(6/6.71=0.89 of transverse shape) because the applied forces are vertical. 
Table 5.2 builds up the contributions of each row to the modal mass and the modal 











Modal force (kN) 
Jumping Bouncing 
1 1.00 2.54 2.71 1.12 
2 0.75 1.43 2.04 0.84 
3 0.51 0.66 1.38 0.57 
4 0.29 0.22 0.79 0.33 
5 0.12 0.04 0.32 0.13 
6 0.01 0.00 0.04 0.02 
Totals  4.89 7.28 3.01 
 
Damping ratio 
This cantilever is a steel beam and the damping ratio is taken as 0.02 (Section 3.3.6). 
5.3.3. Results 
Whole Crowd Jumping 
The peak modal acceleration for the whole crowd jumping is calculated from Equation 
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 5.9 
where the total modal force for jumping Fi is 7.28kN, total modal mass is 4.89 t, and 
damping ratio is 0.02. 
The peak vertical acceleration at the lowest row is 
  20.89 37.22 33.13  3.38vA m s g     5.10 
where the coefficient of transverse to the axis of the beam transferring to vertical is 
0.89, peak acceleration 37.22 m/s2. 
Whole Crowd Bouncing 
The peak modal acceleration for the whole crowd bouncing is calculated from 
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 5.11 
where the total modal force for jumping Fi is 3.01 kN, total modal mass is 4.89 t, and 
damping ratio is 0.02. 
The peak vertical acceleration at the lowest row is 
  20.89 15.39 13.70  1.40vA m s g     5.12 
where the coefficient of transverse to the axis of the beam transferring to vertical is 
0.89, peak acceleration 15.39 m/s2. 
Table 5.3 below summarises the vertical acceleration values from this work and that 
of Willford (2005).  The differences in vertical acceleration for bouncing between the 
two is due to Willford’s the use of a DLF of 0.15, as well as rounding errors.   
Table 5.3 Results summary for cantilever beam – Performance-based Assessment 
Results Results of Willford 












The results of vertical acceleration are significantly different between crowd activities 
for jumping and bouncing, by a factor of 2.42.  The sole reason is that DLF for jumping 
is 2.42 times greater than DLF for bouncing.  Therefore, it is essential to make sure 
which type of activities could occur in the grandstand such that appropriate DLFs are 
used. 
These vertical accelerations of both jumping and bouncing are well in excess of the 
limit of 30%g.  This cantilever beam, which has been sized based on static 
requirements, is not acceptable for use in grandstand structures with jumping or 
bouncing activities that may arise during concerts. 
Willford (2005) assumed that the crowd was bouncing and not jumping in his example.  
As the peak acceleration exceeded the limit, further analysis was undertaken where the 
crowd loading was modified (Table 5.3).  The first modification proposed that the front 
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two rows were kept empty (vertical acceleration reduced to 63%g and then that 50% 
participation of crowd was passive (vertical acceleration reduced to 21%g).  With these 
modifications, Willford found the beam performed satisfactorily within the 
recommended limit of 30%g.  In the design of Thomond Park as well as this work, it 




5.4. Route 2 Method 
The Route 2 method is described in detail in Chapter 4.  In this section the method is 
used to model the cantilever steel beam under the action of crowd loading. 
5.4.1. Structural Model 
A 2D wire model of the beam was created in Abaqus with the following properties: 
 Young’s Modulus for the steel beam 200×109Pa; 
 Poisson’s Ratio is 0.3; 
 Density of steel 7863.68kg/m3, and  
 Non-structural mass 2097kg/m.   
 
Figure 5.2 shows the inclined beam, with the left ending fixed. 
 
Figure 5.2 Cantilever beam in Abaqus 
5.4.2. Body Unit Properties  
Properties of the crowd body elements adopted are as per Table 4.3, i.e. natural 
frequency of crowd is 2.3Hz and damping is 0.25.  Each crowd unit represents a row 
of 14 people, where each person has a mass of 80 kg.   
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Mass of crowd mc is equal to per people’s weight time number of each row. 
 80 14 1120cm kg kg     5.13 
where per people is 80 kg and per row has 14 people in this cantilever beam. 





4 2.3 1120 233901.73





   
  5.14 
where the natural frequency of crowd body element fc is 2.3Hz and mc is 1120kg. 
To illustrate the process, the following section illustrates the example of the cantilever 
beam under Scenario 4 with a crowd Activity Frequency of 2Hz , i.e. S4-AF2Hz.   
The crowd effectiveness factor  is calculated using Equation 4.3, with recommended 
values of the Generated Load Factors as given in Table 4.4, i.e. G1, G2 and G3 taken 
as 0.375, 0.095 and 0.026 respectively. 
      sech 2 sech 2 2 1f f        5.15 
where the natural frequency of crowd activity f is 2Hz. 
The internal periodic force pair P(t) is calculated using Equation 4.2 as part of a 
spreadsheet calculation with relevant values given Table 5.4 and Table 5.5, and the 
function plotted in Figure 5.3.  The maximum loading force pair is 5450N in the 
vertical direction.  
Table 5.4 Input variables for calculation of periodic loading function (S4-AF2Hz) 
Variable f ρ Mc g G1 G2 G3 t θ 










Table 5.5 Extract from EXCEL of periodic loading function values (S4-AF2Hz) 
T 
(Seconds) 
P(t) (N) Periodic Loading Function 
0.00 5,450 1.000 
0.02 5,114 0.938 
0.04 4,188 0.769 
0.06 2,887 0.530 
0.08 1,480 0.272 
0.10 198 0.036 
0.12 -830 -0.152 
0.14 -1,589 -0.292 
0.16 -2,143 -0.393 
… … … 
 
 
































5.4.3. Crowd Body Model 
Partitioning and reference points 
As described in Section 4.3.1, partitioning is used in Abaqus to divide a Part or 
Assembly into many regions and it is convenient to locate specific points in the next 
operation.  The purpose of partitioning is to provide 12 nodes for assembling the crowd 
body model in this analysis.  Then each mass of crowd is represented by the rigid body 
reference point. 
The beam length is considered to 1.0 by default.  Once selected, the first partition is 
applied.  Since a total of six nodal positions will be modelled, seven partitions are 
required in which five partitions are equal and two small partitions are at two end sides 
(Figure 5.1).  The initial partition is applied by dividing by 1/12 (0.083), reselecting 
the remainder, again normalised by default and dividing by 2/11 (0.182).  Successively 
dividing by 2/9, 2/7, 2/5 and 2/3 forming a series and can be applied for any desired 
number of partitions. 
The upper reference points are 0.85m above the predetermined partition joints.  Thus, 
coordinates of reference points can be gained from just changing the vertical 
coordinates of partition joints.  These are modelled as parts with mass but no material 
properties.  The lower reference points are 0.3m above the predetermined partition 
joints.  Figure 5.4 clearly shows reference points above the beam. 
 
Figure 5.4 Partitioning and reference points 
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Spring and dashpot 
The springs and dashpots are applied to the model between the upper and lower 
reference points as illustrated in Figure 5.5 and Figure 5.5.  The body stiffness is 
233,902N/m and the dashpot coefficient used is 0.25. 
 
Figure 5.5 Spring stiffness and dashpot coefficient representing the body unit 
 
Figure 5.6 Springs and dashpots 
Application of periodic loading function 
The data for the periodic loading function is processed in Microsoft EXCEL and 
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imported into Abaqus via the amplitude setting.  It is applied as a Smooth Step which 
varies the rate of harmonic loading with respect to time (Figure 5.7). 
 
Figure 5.7 Inserting the periodic loading function to Abaqus 
Applying the periodic force pair 
The loaded data is now designated to the specific load criteria to simulate the dynamic 
force applied at 2Hz.  The internal periodic force pair P(t) in Table 5.6 is amplified 
from its normalised input with CF1 set to 0 while CF2 is set to maximum negative and 
positive values as shown in Figure 5.8 and Figure 5.9.  The relevant nodes are then 
selected, and the load is applied as a Modal Dynamics Step. 
 
Figure 5.8 Applying and amplifying the load on beam 
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Figure 5.9 Applying and amplifying the load on reference points 
Tie constraints 
Tie constraints are used to tie together crowd body elements and cantilever beam for 
the duration of a simulation.  The nodes on the beam are selected as the master surface 
and the lower reference points are selected as the slave surface. The lower reference 
points are then tied to the beam’s deflection (Figure 5.10). 
 
Figure 5.10 Constraints positioned on beam 
The above description is for Analysis S4-AF2Hz of the cantilever beam.  Other 
analyses for different activity frequencies were undertaken using similar steps.  Each 
analysis was run for a duration of 50 seconds, with the periodic loading applied for the 





The time history plots for acceleration and displacement are shown in Figure 5.13 and 
5.14 respectively for analysis S4-AF2Hz.  The beam is in a period of steady state 
vibration from approx. 10 seconds until the periodic loading stops at 30 seconds.  The 
damped response is clear to see with a steady attenuation of accelerations and 
displacements after 30 seconds.   
The maximum RMS acceleration is 17%g and the maximum RMS displacement is 
7.5mm.  Both occur at approximately 10 seconds.   
 
 



































Figure 5.12 S4-AF2Hz - vertical displacement time history 
 
Maximum Response 
The above results relate to the sample analysis S4-AF2Hz.  In order to determine the 
most onerous response a series of analyses were undertaken for different activity 
frequencies.  The range of activity frequencies was from 1Hz to 3Hz with an initial 
interval of 0.2Hz.  After data processing, the results of these analyses are plotted in 
Figure 5.15 and Figure 5.16 for Scenario 4 and Scenario 3 respectively. 
The initial results illustrate that the maximum of RMS vertical accelerations occur at 
2.2Hz for both Scenario 4 and Scenario 3.  Additional analyses were carried out at 
activity frequencies of 2.1, 2.3, 2.5 and 2.7Hz for Scenario 4 and 2.1 and 2.3Hz for 
Scenario 3.  However, the maximum RMS vertical accelerations of additional analyses 































Figure 5.13 Scenario 4 maximum RMS accelerations for various crowd activity 
frequencies 
 
Figure 5.14 Scenario 3 maximum RMS accelerations for various crowd activity 
frequencies 
The results in Table 5.6 illustrate that the maximum RMS vertical accelerations of both 
Scenario 4 and Scenario 3 are 72.7%g and 27.0%g respectively.  The maximum RMS 
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Variation along beam length 
Figure 5.17 and Figure 5.18 show the acceleration and displacements responses along 
the length of the cantilever beam under the most onerous Scenario 4 activity frequency.  
As expected, the responses vary from a minimum at the support node to a maximum 
at the free end. 
 
Figure 5.15 Scenario 4 - vertical RMS acceleration along beam length 
 













































































A summary of the results is presented in Table 5.6.  The maximum RMS accelerations 
for both Scenarios 4 & 3 occur at an activity frequency of 2.2Hz and are significantly 
larger than the recommended limits, by factors of 3.64 and 3.60 respectively. 





















4 2.2Hz 72.7%g 20%g 37.0 7 
3 2.2Hz 27.0%g 7.5%g 13.7 7 
 
It is clear from the above results that the dynamic performance of the statically 
designed steel cantilever beam when subjected to dynamic crowd loading does not 
meet the requirements for crowd comfort when analysed using the Route 2 
recommendations. 
5.5. Conclusions 
This chapter aims to analyse and compare the results from a simplified cantilever beam 
type stadium structure using the Performance-based Assessment and Route 2 methods. 
The first natural frequency of the statically designed steel beam is 5.28Hz which is less 
than the recommending minimum of 6Hz should concerts be hosted. 
The results of both the Performance-based Assessment and Route 2 methods indicate 
that the dynamic response of the statically designed structure is significantly greater 






Table 5.7 Comparison of acceleration results from Performance-based and Route 
2 methods 
Performance-based Assessment Route 2 
Activity Max Av 
Multiple 
of Limit 
Scenario RMS Av 
Multiple of 
Limit 
Jumping 338%g 11.3 4 72.7%g 3.64 
Bouncing 142%g 4.7 3 27.0%g 3.60 
The results of Performance-based Analysis for crowd ‘jumping’ results in a very high 
peak acceleration which is approx. 11 times greater than the recommended limit.  The 
peak level of acceleration reduces significantly for the crowd ‘bouncing’ but is still 4.7 
times greater than the recommended limit. 
The Route 2 method uses body units to provide a model of real-life crowd loading in 
which the motion of the combined system is caused solely by forces generated within 
the system itself.  The maximum RMS vertical acceleration for the more onerous 
Scenario 4 is 3.64 times greater than the limit, while for Scenario 3 it is 3.6 times 
greater than its lower limit.  The Route 2 method is very sensitive to activity frequency 
and it is important that a range of activity frequencies are tested, particularly those 
close to the combined natural frequency of the crowd and structure. 
In this instance, the results of the Route 2 method are less onerous than that of the 
Performance-based Assessment.  The Route 2 method provides a more rigorous 
consistent approach to the design and assessment of grandstand structures where the 
major factors that determine the dynamic behaviour are accounted for, and as such 
may be less conservative that the Performance-based Assessment. 
In this instance the properties of beam would need to be modified or the structure used 




6. Thomond Park 
6.1. Introduction 
This chapter will look at the modelling and assessment of Thomond Park’s West 
Grandstand to determine if the crowd management measures recommended as part of 
the original design are required. 
The main frame of Thomond Park is made from concrete, with a steel roof structure.  
Typical sections through the East and West Grandstands are illustrated in Figure 6.1 
and Figure 6.2. 
 
Figure 6.1 Typical cross section through East Grandstand 
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Figure 6.2 Typical cross section through West Grandstand (foundation omitted) 
While both grandstands are very similar, the grids in the North-South direction are 
different and as such the distance from the rearmost and the next grid of columns in 
greater in the West Grandstand. 
The plan view of the West Grandstand is illustrated in Figure 6.3.  The structure is 
132.9m long and 36.9m deep at the centre, tapering to 20.5m deep at the ends.  Stability 
to the building is provided by 6 reinforced concrete shear walls.  Wind load on the 
exposed seating or raker units is transferred to the shear walls via the floor diaphragms 
of the concourse areas. 
 
Figure 6.3 Plan view of West Grandstand highlighting the 6 shear walls (purple) 
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6.2. Finite Element Analysis (FEA) Model 
It is beneficial from a computational perspective to limit the size of the analysis model, 
particularly for the Route 2 method where the crowd is modelled seperately.  This 
section will look to justify a representative model, i.e. a single bay of the structure, to 
be used in the dynamic analysis that follows, and then provide full details of this model. 
6.2.1. Justification of Single bay model 
MPP (2007) undertook a study to determine an appropriate model complexity for the 
dynamic analysis.  Table 6.1 illustrates the first natural frequencies and peak 
accelerations for a range of models for the East Grandstand. 
Table 6.1 Sensitivity for East Grandstand (after MPP 2007) 
 
From these results it was apparent that there was little variation in first natural 
frequency with increasing model complexity.  There was a difference in the calculation 
of peak accelerations for a sample crowd scenario when the roof structure was 
included, however this was attributed to the fact that the mass of the roof was 
‘mobilised’ during vibration (MPP 2007). 
From this study MPP (2007) concluded that a model of half the structure, where the 
seating units and roof structure were represented by their mass only was sufficient for 
the purposes of a dynamic analysis of the crowd-induced vibration, with conservative 
upper bound results for accelerations. 
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MPP (2007) modelled the structure of West Grandstand from gridlines 1 to 21, with 
appropriate restraints applied at the line of symmetry (Figure 6.5).  The stiffness of the 
roof structure was not included, with the mass applied as a point load at the joint 
location.  The seating and floor units were not included in the model.  Their mass was 
accounted for through the application of a uniform mass along the raker or concourse 
beams.  The effect of the shear walls was accounted for through the application of 
springs of equivalent stiffness at the appropriate concourse levels. 
 
Figure 6.4 Full 3D FEA model of the East Grandstand (after MPP 2007) 
 
Figure 6.5 3D computer model of West Grandstand (after MPP 2007) 
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The original STRAP model, i.e. a half structure of West Grandstand referenced in 
Figure 6.5, was used and then cut down to a central single bay in STRAP.  The 
geometry of this model was then exported to Abaqus to allow a model be created.   
The aim of this section is to compare the STRAP and Abaqus models and validate their 
use in the Thomond Park dynamic analyses that follow.  The Abaqus model is used 
for the Route 2 analysis, while the STRAP model is used for the Performance-based 
Assessment as it provides simple export of mode shapes and modal masses, a feature 
which the author was unable to get working within Abaqus. 
STRAP single bay 
The single bay of Thomond Park used in this work is illustrated in Figure 6.6.  A 
number of variations to the model were undertaken to investigate if the single bay 
model was representative of the structure and on the choice of model for the lateral 
restraint. 
 
Figure 6.6 Profile of a single bay from West Grandstand (STRAP) 
In previous analyses, the connections between branch pipes and concrete elements 
were modelled as pinned due to the nature of the connect detail.  It proved very 
complex for the author to release the branch pipes end condition within Abaqus.  A 
sensitivity study indicated this had little effects on the natural frequency of structure 
(see Appendix D) and as such in the models that follow, the branch pipe end condition 
is fixed. 
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Model 1 used in this study relates to the half structure used by MPP.  Model 2 relates 
to the single bay.  The lateral restraint provided by the shear walls is modelled as 
springs of equivalent stiffness (Type a) and simple pins (Type b).  As such there are 
four models to compare:  Models 1a and 1b, and Models 2a and 2b. 
Model 2a (Figure 6.6) is a single bay centred on Gridline 20, with appropriate restraints 
applied at the two side of the bay to represent the effects of the adjoining bays.  The 
mass of the seating units is applied directly.  The effect of the shear walls and floors is 
accounted for through the application of springs of equivalent stiffness to the concrete 
shear wall.  The material and section properties of this model will be detailed in Section 
6.5. 
Table 6.2 Sensitivity of natural frequency to modelling assumptions for West 
Grandstand 




1st Nat Freq (Hz) 
Weights Applied in 
Vertical 
Weights Applied in 
Three Directions 
1a Half structure (MMP model) Spring 5.34 5.82 
1b Half structure (modified model) Pinned 5.36 5.85 
2a Single bay (part of MMP model) Springs 5.39 5.87 
2b Single bay (modified model) Pins 5.40 5.94 
As illustrated in Table 6.2, the first natural frequencies between single bay model and 
half structure are very close.  The difference between single bay model and half 
structure is approximately 1%.  The difference between the use of springs or pins for 
the application of lateral restraint to the structure as provided by the concrete shear 
walls is shown to be approximately 1% - the use of springs to provide the lateral 
support proved problematic in later analyses, and as such pins have been used.  
The computation requirements are significant for a full dynamic analysis with detailed 
crowd units make modelling the half or full structure.  Therefore, to simplify the 
computational analysis, the following work will analyse the vibration of this single 
bay, representing the West Grandstand. 
Thus, the first natural frequency of the STRAP single bay is 5.94Hz and the first mode 
shape shows in Figure 6.7.  The first mode shape indicates the more “active” area 
towards the rear of the raker beam. 
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Figure 6.7 The first mode shape in STRAP 
 
Abaqus single bay 
The geometry for the Abaqus single bay was input from the STRAP model referenced 
above and is illustrated in Figure 6.8.  Appropriate restraints are applied at the two 
sides of single bay, i.e. restricting the degree of Z axis.  The stiffness of the roof 
structure was not included, with a mass of 2548kg applied as a point load at rear joint 
location.  The seating and floor units were not included in the model.  Their mass of 
4791kg was accounted for through the application of a uniform load along the raker or 
concourse beams.  The effect of the restraint of the shear walls and floors is accounted 
for through the application of pins.  Material and section properties were taken from 




Figure 6.8 Profile of a single bay of West Grandstand (Abaqus) 
 
Comparison of Strap and Abaqus Models 
The first natural frequency of the Abaqus model is 5.99Hz.  This is within 1% of the 
value obtained using the STRAP model.  The first mode shapes from STRAP and 
Abaqus are also very similar.  Therefore, both the STRAP single bay and the Abaqus 
single bay are thought to sufficiently represent the West Grandstand of Thomond Park 
and as such it is considered that both models are suitable for use in the comparative 
study that follows. 
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6.2.2. Material & Section Properties 
The main grandstand structure is made of reinforced concrete and the branches are 
steel pipes.  Figure 6.9 illustrates the area at the top of the rearmost columns and the 
interplay of raker, steel branch and column can clearly be seen. 
 
Figure 6.9 The rakers, steel branches and columns of Thomond Park (East 
Grandstand) 
The value of Young’s Modulus of concrete adopted by MPP (2007) analysis was 
27GPa.  Then concrete Young’s Modulus of 27GPa will be used for sensitivity study 
and concrete modulus of elasticity will be discussed in the next section. 
Table 6.3 Material properties  
Name Modulus of Elasticity Poisson’s Ratio Density 
Concrete (27GPa for sensitivity study) 0.15 2446kg/m3 
Steel 210GPa 0.30 8002kg/m3 
93 
Table 6.4 Section properties of concrete elements 
Section 
Prop. No. 
Profile Material Width (m) Depth (m) 
1 Rectangular Concrete 0.500 0.500 
2 Rectangular Concrete 0.500 1.000 
3 Rectangular Concrete 0.750 0.675 
4 Rectangular Concrete 0.500 0.500 
5 Rectangular Concrete 0.500 0.900 
 
Table 6.5 Section properties of steel elements 
Section 
Prop. No. 
Profile Material Radius (m) 
Thickness 
(m) 
6 Circular Tube Steel 0.122 0.0125 
7 Circular Tube Steel 0.057 0.0063 
 
Figure 6.10 illustrate the 3D computer model of the single bay with the section 
information of each element listed in Table 6.4 and Table 6.5. 
 
Figure 6.10 Section properties for single bay 
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6.2.3. Concrete Modulus of Elasticity 
Background 
By its nature concrete is a very variable material.  It has a wide range of strengths and 
stress-strain curves (Mosely et al. 2007).  A generalised stress-strain curve for concrete 
under short-term loading is shown Figure 6.11.  As the load is applied, the ratio 
between stress and strain is considered to be linear at first, behaving almost as an 
elastic material.  As the stresses increase the curve is no longer linear and the concrete 
behaves more as a plastic material.  If the load were removed during the plastic range 
a permanent deformation would remain (Mosely et al. 2007). 
 
Figure 6.11 Generalised stress-strain curve for concrete (after Mosely et al. 2007) 
Figure 6.12 illustrates the stress–strain relation for a concrete specimen loaded and 
unloaded to a stress well below the ultimate strength.  While it is assumed that the 
concrete behaves elastically below one third of its compressive strength, it is evident 
from this figure that this is not truly the case and the term ‘modulus of elasticity’ can 
be only be applied to the straight part of the stress–strain curve, or when no straight 
portion is present, to the tangent to the curve at the origin.  This is termed the initial 
tangent or ‘dynamic’ modulus.   
The more commonly adopted definition in general structural design however relates 
to the secant or ‘static’ modulus.  This value is determined by means of a static test in 
which a cylinder is loaded under two cycles to 0.4 of mean cylinder strength, fcm. 
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Figure 6.12 Moduli of elasticity definitions for concrete (after Mosely et al. 2007) 
Figure 6.13 illustrates that the two main components of concrete, hydrated cement 
paste and aggregate, exhibit a generally linear stress–strain relation when loaded.  
Concrete however has a curved stress-strain relationship due to the development of 
micro-cracks at the interface between the cement paste (Neville 2012). 
 
Figure 6.13 Stress–strain relations for cement paste, aggregate, and concrete (after 
Neville 2012)  
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The exact shape of the stress-strain curve is very dependent on the length of time the 
load is applied, as well as many values related to the mix, in particular the type of 
aggregate.  However, a general relationship between compressive strength and 
modulus of elasticity is considered to exist (Neville 2012).  
In order to determine an appropriate value of modulus of elasticity for use in the 
analysis of Thomond Park stadium guidance from codes of practice, relevant industry 
publications and published papers was reviewed. 
Code of Practice Guidance  
Eurocode 2 Design of Concrete Structures Part 1-1 (2010) defines the secant/static 
modulus of elasticity, Ecm, for elements stressed below 0.4fcm, as follows: 
  
0.3
cm 22 10cmE f   6.1 
where fcm is the mean value of concrete cylinder compressive strength.  Where 
limestone aggregates are used the value of Ecm should be reduced by 10%. 
While the secant/static modulus is defined within the code of practice as above, the 
tangent/dynamic modulus is the more appropriate value to use when concrete is used 
in structures subjected to dynamic loading.  This is due to the fact that concrete is 
stiffer at small strains and under very short-term loading associated with dynamic 
response than is assumed for static design (Wilford et al. 2006). 
The dynamic modulus can be derived experimentally through determining the resonant 
frequency of an unloaded prism specimen or by using ultrasonic measuring techniques 
(Mosely et al. 2007).  The determination of the modulus in the absence of a significant 
applied stress ensures that no micro-cracking is induced as there is no creep.  The 
dynamic modulus refers to almost purely elastic effects and can therefore considered 
to be approximately equal to the initial tangent modulus (Neville 2012). 
The dynamic modulus can also be determined through its relationship to the static 
modulus.  The ratio of the static modulus of elasticity to the dynamic modulus is 
variable however.  While Eurocode 2 does not specify a relationship, Neville (2012) 
refers to empirical relationships from Lydon and Balendran (1986) and BS8110-2 
(1985). 
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For the case of Lydon and Balendran, the relationship is defined as: 
0.83c dE E       6.2 
where Ec is the static modulus and Ed is the dynamic modulus. 
According to BS8110-2 (1985), the dynamic Young’s modulus can be determined 
using the following equation, which is the same as that referred to by Mosely et al 
(2007). 
 ,280.8 19cq cE E       6.3 
where 
Ecq is the dynamic modulus of elasticity; 
Ec,28 is the static Young’s modulus at 28 days, defined as ,28 0 ,280.2c cuE K f 
fcu,28 is the characteristic cube strength at 28 days; 
K0 is a constant closely related to the modulus of elasticity of the aggregate 
(taken as 20 kN/mm2 for normal-weight concrete). 
 
Figure 6.14 below illustrates the relationship between concrete cube strength and both 
static and dynamic moduli of elasticity.  The values of static modulus for Eurocode 2 
allow for a 10% reduction for limestone aggregate and are used as the basis for the 
Lydon and Balendran (1986) calculation.   
There is a clear increase in moduli with increasing cube strength.  Values of dynamic 
moduli determined using the empirical equations from BS8110 and Lydon and 




Figure 6.14 Dynamic and static moduli of elasticity for various concrete strengths 
 
Industry Guidance 
Willford et al. (2006) authored a Concrete Centre publication, “A Design Guide for 
Footfall-induced Vibration of Structures”, aimed at providing structural engineers with 
direct guidance when undertaking dynamic analyses of large scale structures.  Values 
of dynamic moduli of elasticity for un-cracked lightweight and un-cracked normal 
weight concrete of 22 and 38GPa respectively are recommended be used in analyses.  
These values are independent of concrete strength.  Willford et al. (2006) noted that a 
reduced stiffness was to be considered if the concrete was ‘significantly cracked’.  No 
specific guidance was provided on what defines ‘significantly cracked’. 
Reynolds et al. (2005) describe an investigation into the dynamic behaviour of the City 
of Manchester Stadium in the UK and a programme of pre-test numerical modelling, 
ambient and shaker modal testing and post-test FE modelling.  The stadium structure 
comprises of an in-situ reinforced concrete frame and precast concrete seating units.  
For the global model of the West Stand, a dynamic modulus of elasticity of 38GPa 
was used.  A local model of one of the cantilever sections was also developed using a 
dynamic modulus of elasticity of 38GPa also, but with an assessment of the cracked 




























Concrete Cube Strength (MPa)
Static/Secant Modulus - Eurocode, Ecm
Static/Secant Modulus - BS8110, Ec,28
Dynamic Modulus - BS8110, Ecq
Dynamic Modulus - Lydon and Balendran, Ed
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Value used in Thomond Park Analysis 
Thomond Park stadium is a precast concrete frame with precast concrete seating units.  
C50/60 concrete with limestone aggregrate was used throughout.   
In the initial design study undertaken by MPP (2007) a conservative lower bound value 
of 27GPa was used. 
BS8110-2 (1985) and Lydon and Balendran (1985), as detailed above, indicate 
dynamic modulus of elasticity values of 40.8 and 40.4 MPa respectively for C50/60 
concrete. 
To determine the applicability of the 38GPa value referenced by Willford et al. (2006), 
it must first be determined if the concrete is ‘significantly cracked’.  The maximum 
acceptable crack width value suggested by Eurocode 2 (2010) is 0.3mm for all 
exposure classes under the action of the quasi-permanent combination of loads 
(Mosley et al. 2007).  Based on the calculation of crack widths (see Appendix E), the 
maximum crack width of the central raker beam (at Gridline 21) in Thomond Park is 
0.24mm under static crowd loading.  This value is less than the recommended limit.  
Furthermore, this level of cracking is limited to a local area of high moment with crack 
widths in the majority of the beam much lower.  As such it is considered that the raker 
beams at Thomond Park are not ‘significantly cracked’. 
Based on the above, a value of 38GPa will be used in the analyses that follow.  This 
value is slightly lower than those derived from BS8110-2 (1985) and Lydon and 
Balendran (1985).  A sensitivity study will however be undertaken to determine the 
impact of uncertainty in this parameter. 
 
6.2.4. Lateral Restraints 
Lateral restraint to the frame is provided by pin joints at the location of the shear wall 
(note arrow heads) as illustrated in Figure 6.15.  Beam column connections are 
modelled as pins. 
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Figure 6.15 Profile of the bay and location of lateral restraints (arrow heads) 
Restraint is also provided at the rear columns where they connect with the floor.  These 
restraints model the effect of the floor diaphragm which forms a rigid connection with 
the shear core.  These restraints to the rear columns were not modelled at initial design 
stage by MPP (2007) as detailed design of this area was incomplete, but it is clear from 
Figure 6.9 that translation of the columns at this level is not possible.   
6.2.5. Modal Analysis Results 
The first natural frequency of the single bay model in Abaqus is 5.99Hz and the first 
mode shape is illustrated in Figure 6.16.  In terms of comparison with the original 
design model, the effect of the restraint to the rear columns increases the frequency 




Figure 6.16 The first mode shape of the single bay in Abaqus 
The values for first natural frequeny for both the STRAP and Abaqus models are both 
marginally less that the recommended limits for concert events. 
It is to be noted however that the simplified or idealised assumptions made in the above 
models may affects the results of natural frequency.  IStructE (2008) provide a useful 
checklist where the effects of the modelling idealisations on the calculated natural 
frequency are indicated (Figure 6.17).  With these in mind, to some extent the 
calculated natural frequency of Thomond Park may be on the high side. It is therefore 
recommended in Chapter 7 that experimental testing of the grandstand be undertaken 
to verify the natural frequencies and mode shapes. 
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6.3. Crowd Load Cases 
For Thomond Park two key loadcases have been identified and are detailed below.  
Crowd Load Case 1 
The first loadcase is that when all seats are occupied and the condition of a full 
grandstand is defined as ‘Crowd Load Case 1’ as shown in Figure 6.18. 
 
Figure 6.18 Crowd Load Case 1 - single bay with full crowd 
 
Crowd Load Case 2 
In the case of Thomond Park it is possible that a smaller crowd located in the section 
of the grandstand with the ‘positive’ part of the mode shape (Figure 6.16) may generate 
a greater response.  In the case of the Performance-based Assessment, the DLF 
increases with reduction in crowd size, and as such this loadcase may be critical. 
The modelling of a partial crowd concentrated in the back area of the raker is termed 
‘Crowd Load Case 2’ as shown in Figure 6.19. 
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Figure 6.19 Crowd Load Case 2 - single bay with partial crowd 
6.4. Performance-based Assessment 
This section will use Performance-based Assessment to analyse a single bay of 
Thomond Park stadium.   
6.4.1. Analysis Properties 
The single bay STRAP model of Thomond Park as detailed in Section 6.2 was used to 
determine the natural frequency and mode shape.  Only the first mode fell below 7Hz 
and therefore as recommended by Willford (2005) only the first mode is used in the 
modal analysis. 
The values of the first mode shape and nodal weights of the STRAP single bay could 




Table 6.6 Sample extract of values for first mode shape 
Mode Shape 
Node X1 X2 X3 
3 -0.03 0.00 0.18 
27 0.00 0.00 0.00 
28 0.03 -0.01 -0.01 
29 0.00 0.00 -0.02 
… … … … 
 
Table 6.7 Sample extract of values for nodal weights  
Nodal Weights (Units: kN) 
Node Total Weight Additional Weight Self-Weight Factor 
3 46 42 1 
27 22 0 1 
28 47 0 1 
29 55 0 1 
30 54 0 1 
… … … … 
The number of people jumping in a group has a significant effect on the values of 
DLFs in this method.  This research work is based on modelling a single bay of the 
structure, unlike the original design (MPP 2007) where half the structure was 
modelled.  As such two assumptions for the size of the group involved in jumping is 
investigated – the first is based on a single bay, while the second is based on assuming 
a large group size equal to that of three bays of the structure: 
 Assumption a:  number of people equal to that of a single bay, and 
 Assumption b:  number of people equal to that of three bays.  
Dynamic load factors ‘Whole Crowd Jumping’ 
As detailed in Chapter 3, the Performance-based Assessment’ provides Dynamic Load 
Factors (DLFs) for a number of crowd activity types.  As a starting point it is assumed 
that the whole crowd is engaged in jumping, which is the most onerous excitation 
(Section 3.3.3).  The term ‘whole’ refers to the fact that 100% of the crowd is active. 
106 
When these assumptions are added to that of the Crowd Load Cases referenced above, 
a total of four ‘crowd jumping’ load cases are required.  The values of DLFs for these 
loadcases are shown in Table 6.8. 
Table 6.8 DLFs values for crowd jumping 
Load Case Assumptions No. Active People DLFs 
1a 
1b 
a (1 bay)  560 0.12 
b (3 bays) 1680 0.09 
2a 
2b 
a (1 bay) 224 0.16 
b (3 bays) 672 0.12 
 
Dynamic load factors ‘Whole Crowd Bouncing’ 
As detailed in Section 3.2.4, Willford (2005) noted that little data was available 
relating to DLFs arising from crowds of people bouncing.  Based on the data presented 
when the whole crowd is engaged in vertical bouncing, a DLF of 0.03 was determined 
based on a frequency of 5.94Hz (Figure 3.6).  This figure is independent of crowd size. 
 
6.4.2. Results 
The two tables below summarise the peak vertical accelerations of the modal analyses 
carried out, along with the recommended limits. 
 
Table 6.9 Peak vertical accelerations – Assumption a (1 bay) 
Load 
Case 





Jumping 0.12 31% 30% 
Bouncing 0.03 8% 30% 
2a 
Jumping 0.16 42% 30% 




Table 6.10 Peak vertical accelerations – Assumption b (3 bays) 
Load 
Case 





Jumping 0.09 23% 30% 
Bouncing 0.03 8% 30% 
2b 
Jumping 0.12 31% 30% 
Bouncing 0.03 8% 30% 
For all ‘bouncing’ loadcases the peak vertical acceleration of 8%g in each case is 
significantly less than that of the limit of 30%.  As such the structure performs 
adequately under this type of loading, which is more consistent with the type of loading 
allowed for in the later Route 2 method, albeit Route 2 has a correspondingly lower 
limit also.  It is noted however that the data upon which the DLF is based for the 
Performance-based Assessment is limited. 
For the 4 jumping loadcases under assumption b, i.e. crowd in 3 bays partaking in 
activity, one loadcase exceeds the limit by approximately 3.5%.  This loadcase 
involves a localised crowd of 672 people jumping in the ‘positive’ section to the rear 
of the raker.   
For the 4 jumping loadcases under assumption b, i.e. crowd in 1 bay partaking in 
activity, two loadcases exceed the limit of 30%g.  The most onerous is that involving 
a localised group of 224 people jumping in the ‘positive’ section to the rear of the raker.  
In this instance the acceleration limit is exceeded by approximately 35%.  The limit is 




6.5. Route 2 Method 
This section will use the Route 2 assessment method to determine the performance of 
the West Granstand of Thomond Park under event Scenario 4 and Scenario 3.   
6.5.1. Crowd Load Properties 
The following sections detail a sample analysis to describe the process of analysing 
the single bay model under Crowd Load Case 1 (all seats occupied), Scenario 4 
(extreme event including high energy concerts with periods of high intensity music) 
and a crowd Activity Frequency of 2Hz (S4-AF2Hz).  The properties of crowd body 
elements adopt the recommended values, shown in Table 4.3, i.e. natural frequency of 
crowd body element is 2.3Hz and crowd body element’s damping is 0.25. 
Number of crowd units 
There are 40 rows of seats at the centre of Thomond Park.  Each row has 14 people.  
In order to simplify the modelling work and the computational analysis in Abaqus, 20 
crowd unit models were used in the analysis, i.e. one crowd unit model represents two 
rows of people.  However reducing the number of the crowd unit model may impact 
the accuracy of results.  Thus, an investigation was undertaken to confirm if 20 crowd 
unit models are sufficient for research purposes to adequately model the crowd 
distribution along the raker beam. 
Crowd activity frequency 
The natural frequency of the structure, fn, is 5.99Hz and the natural frequency of 
combined crowd and structure is 2.28Hz.  It is hard to know what level crowd activity 
frequency can excite this structure to the maximum response.  Therefore, a range of 
crowd activity frequencies from 1Hz to 3Hz is adopted in the analyses to determine 
the most onerous conditions. 
Mass and stiffness of crowd unit model 
Mass of crowd, mc, is equal to people’s weight of each crowd unit model.  20 crowd 
unit models are used in this sample analysis; thus, each crowd unit model includes 2 
rows. 
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 80 14 2 2240cm kg kg     6.4 
where the mass per person is 80kg with 14 people per row. 





4 2.3 2240 467303





   
 6.5 
where the natural frequency of crowd body element fc is 2.3Hz and mc is 2240kg. 
Periodic Force Pair 
The design event scenario is Scenario 4 and the frequency of crowd activity frequency 
adopted is 2Hz, hence the crowd effectiveness factor  is calculated using Equation 
4.1 and the recommended the values of the Generated Load Factors as given in Table 
4.4, i.e. G1, G2 and G3 take 0.375, 0.095 and 0.026. 
      sech 2 sech 2 2 1f f       6.6 
where the natural frequency of the crowd activity f is 2Hz. 
The internal periodic force pair P(t) is calculated using Equation 4.2 in spreadsheet 
calculation (see Section 4.2.7), shown in Table 6.5. 







P t m g G ift  


   
where the crowd effectiveness factor  is taken as 0.96, mass of crowd mc is 4256kg, 
acceleration of gravity g is 9.81m/s2, the Generated load factors G1, G2 and G3 are 
0.375, 0.095 and 0.026, the natural frequency of crowd activity f is 2Hz, time t is 0.02s, 
the phase difference of the ith harmonici is zero. 
Table 6.11 The input variables for calculation of periodic loading function 
Variable f ρ Mc g G1 G2 G3 t θ 





0.375 0.095 0.026 0.02s 0 
 
Table 6.12 illustrates the calculation spreadsheet of the periodic loading function and 
shows part of the data where values of P(t) and Periodic Loading Function vary with 
time.  Figure 6.20 illustrates the periodic loading function.  The maximum loading 
force pair is 21799N in vertical. 
110 
Table 6.12 Periodic loading function values 
T (Second) P(t) (N) Periodic Loading Function 
0.00 21799 1.0000 
0.02 20455 0.9384 
0.04 16751 0.7685 
0.06 11548 0.5298 
0.08 5920 0.2716 
0.10 791.3 0.0363 
0.12 -3321 -0.1523 
0.14 -6357 -0.2916 
0.16 -8571 -0.3932 
… … … 
 
 
Figure 6.20 Graphical representation of the Periodic Loading Function 
6.5.2. Crowd Load Modelling 
Partition and reference points 
Partitioning is used to divide a part or assembly into many regions and it is convenient 
to locate specific points in the next operation.  The purpose of partitioning is to provide 





































represented by the rigid body reference point. 
Partitioning is quite hard in this case as the inclined raker beam is made up of many 
small beams.  In addition, the geometry of the Abaqus single bay model is imported 
from STRAP and as a result some modification functions are not available in Abaqus.   
Each partition position is created as follows.  Firstly, the single bay file is opened in 
AutoCAD and 20 gridlines created (Figure 6.21a).  The intersection points of the 
gridlines and raker beam define the partition positions, which is the length of a small 
segment after cutting by intersection points over the length of original beam.  The 
Partition function in Abaqus can then be applied through ‘Assembly-Tools-Partition-
Edge-Enter parameter’, shown in Figure 6.21b. 
 
Figure 6.21 Process of creating Partitions 
The upper reference points are 0.85 meter above the predetermined partition joints.  
Thus, coordinates of reference points can be gained from changing the vertical 
coordinates of partition joints.  These are modelled as parts with mass but no material 
properties.  The lower reference points are 0.3 meter above the predetermined partition 
joints.  Figure 6.22 clearly shows the reference points above the beam. 
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Figure 6.22 Reference points and the single bay 
Spring and dashpot properties 
The spring and dashpot elements are applied to the model between the upper and lower 
reference points.  The appropriate body stiffness is 467,803N/m and the dashpot 
coefficient is 0.25.  The points degree of freedom is 2, i.e. applied in the vertical 
direction as detailed in Figure 6.23. 
 
Figure 6.23 Spring stiffness and dashpot coefficient  
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Application of the periodic loading function and the periodic force pair 
The data for the periodic loading is processed in a Microsoft EXCEL spreadsheet and 
imported to Abaqus via the Amplitudes function.  It is applied as a Smooth Step which 
varies the rate of harmonic loading with respect to time. 
The loaded data is then designated to a specific load criteria to simulate the dynamic 
force applied at 2Hz.  The nodes are selected, and the load is applied as a Modal 
Dynamics Step.  The internal periodic force pair P(t) in Section 6.5.1 is amplified with 
CF1 and CF3 set to 0 while CF2 is set to maximum negative value on lower reference 
points and maximum positive value on upper reference points, shown in Figure 6.24. 
 
Figure 6.24 Creating Amplitudes and applying the periodic force pair 
Constraints: Tie 
Tie constraints are used to tie together crowd unit models and the single bay model.  
The nodes on the raker beam are selected as the master surface and the lower reference 
points are selected as the slave surface.  The lower reference point is now subject to 
the beam’s deflection and will follow the line of action during simulation, the detail of 
Tie function can be seen in Appendix C. 
Number of crowd unit models 
Two analyses were undertaken with the number of crowd unit models equal to 20 and 
40.  These analyses were undertaken at a crowd activity frequency of 2Hz.  The results 
of these analyses are illustrated in Figure 6.25. 
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Typically, it takes 12 minutes to run the job of the single bay model with 20 crowd 
unit models for a 70 second dynamic simulation.  However, the same simulation with 
40 crowd unit models took approximately 25 minutes on the same computer.  Thus, it 
can be very efficient to reduce the number of crowd unit models. 
 
Figure 6.25 Graph of maximum RMS acceleration in vertical of raker beam for 20 
and 40 crowd units 
Figure 6.21 illustrates that the acceleration results of the 20 and 40 crowd unit models 
are very close.  Thus, the model with 20 crowd units is deemed to satisfy the demands 
of accuracy and simplification and the research work which follows is based on the 
use of 20 crowd unit models.   
This research uses the Step of Modal Dynamic in Abaqus, which is used to provide 
dynamic time history responses as a linear perturbation procedure using modal 
superposition.  All the data is exported for post-processing Microsoft EXCEL for 
determination of the Root Mean Square values, etc. (see Section 4.4.2). 
Natural frequency of combined structure and crowd 
The natural frequency of the combined structure and crowd was determined using a 
modal analysis step to be 2.28Hz.  As expected this is lower than that of the structure 





































6.5.3. Results  
Scenario 4  
IStructE (2008) categorise Scenario 4 events as high energy concerts with periods of 
high intensity music.  The whole crowd is considered to be active, mostly standing and 
bobbing but with some jumping occurring.  The loading is referred to as twice that for 
the commonly occurring events of Scenario 3.  As such it can be considered an upper 
bound to the type of events to be held at Thomond Park. 
Figure 6.26 and Figure 6.27 show the time history results of sample analysis of S4-
AF2Hz.  This analysis used 20 crowd units and was run for 60 seconds with crowd 
loading stopping at 40 seconds.  The damped response is clear to see with a steady 
attenuation of accelerations and displacements after 40 seconds. 
 




























Figure 6.27 Time history plot for vertical displacement (analysis S4-AF2Hz) 
Table 6.13 and Figure 6.28 illustrate the maximum vertical acceleration of the raker 
beam (at Node 76 near central position of branch areas) for a variety of crowd activity 
frequencies.  Initially analyses were undertaken in 0.2Hz intervals from 1 to 3Hz.  
Upon indication of a peak between 2.2 and 2.4Hz, additional analyses were undertaken 
for activity frequencies of 2.1, 2.25, 2.28 and 2.3Hz. 




Maximum Vertical RMS 
Acceleration of Node 76 
%g 
1 1.0 0.58 
2 1.2 1.23 
3 1.4 0.62 
4 1.6 0.84 
5 1.8 1.36 
6 2.0 2.63 
7 2.1 4.22 
8 2.2 8.51 
9 2.25 14.56 
10 2.28 16.74 
11 2.3 14.90 
12 2.4 6.05 
13 2.6 2.57 
14 2.8 1.58 






























The peak acceleration for Scenario 4 events was found to occur at an activity frequency 
of 2.28Hz, with a maximum RMS acceleration of 16.7%g recorded.  This value is 
below the recommended limit of 20%g.  The acceleration levels are very sensitive to 
activity frequency with values outside the range of 2.1 – 2.5Hz less than 4%g. 
 
Figure 6.28 Scenario 4 - RMS accelerations for varying crowd activity frequencies 
Figure 6.29 illustrates the variation in vertical acceleration along the length of the raker 
beam at the peak activity frequency of 2.28Hz.  It is clear that low levels of 
accelerations are experienced along the majority of the beam, with higher values 
localised to an area towards the rear above the steel branches. 
Figure 6.30 illustrates the variation in vertical displacement along the length of the 
raker beam at the peak activity frequency of 2.28Hz.  It is clear that low levels of 
displacements are experienced along the majority of the raker, however the 
recommended limit of 7mm is exceed in a localised area towards the rear above the 
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Figure 6.29 Scenario 4 – variation in accelerations along length of raker beam 
 
Figure 6.30 Scenario 4 - variation in displacement along length of raker beam 
 
Scenario 3 
IStructE (2008) categorises Scenario 3 events as high profile sporting events and 
concerts with medium tempo music.  All the crowd is considered active, undertaking 
‘moderate bobbing’.  As such is can be considered typical of the events that have taken 
















































































For Scenario 3 events, a similar series of analyses were undertaken to those of Scenario 
4 above.  The results for a range of activity frequencies are illustrated in Figure 6.31 
where the maximum RMS acceleration of 5.5%g occurs at an activity frequency of 
2.28Hz.  This value is less than the recommended limit of 7.5%g. 
 
Figure 6.31 Scenario 3 - RMS accelerations for varying crowd activity frequencies 
 
Similar to Scenario 4, the peak acceleration and displacement values for Scenario 3 
occur at a crowd activity frequency of 2.28Hz.  As illustrated in Figure 6.32 and Figure 
6.33 higher levels of accelerations and displacements only occur towards the rear of 
the raker beam over the steel branches.  Levels are less than the recommended limits 
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Figure 6.32 Scenario 3 - variation in accelerations along length of raker beam 
 
Figure 6.33 Scenario 3 - variation in vertical displacement along length of raker 
beam  
Sensitivity to choice of E value 
To investigate the sensitivity of the results to dynamic Young’s modulus the analyses 
for Scenario 4 and 3 were carried out using a value of 27GPa as used in the original 
design.  As detailed in Section 6.2.3 a value of 38GPa is recommended in the literature 






































































Figure 6.34 and Figure 6.35 illustrate the comparison in maximum RMS accelerations 
using 38GPa and 27GPa for Scenario 4 and Scenario 3 events respectively.  For 
Scenario 4, the reduction in material stiffness of approximately 41% leads to an 
increase in peak acceleration of approximately 30%, i.e. the peak RMS acceleration 
increases from 16.7%g to 21.8%g.  This peak value is above the recommended limit 
of 20%g. 
For Scenario 3 events the peak RMS acceleration also increases by approximately 30% 
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Figure 6.35 Scenario 3 - comparison of acceleration values due to change in E 
 
Crowd Load Case 2 
Section 6.3 detailed a second loadcase for design consideration whereby a smaller 
crowd located in the section of the grandstand with the ‘positive’ part of the mode 
shape (Figure 6.16) may generate a greater response.  In the case of the Performance-
based Assessment, the DLF increases with reduction in crowd size, and as such this 
loadcase may be critical.  In the case of the Route 2 method, the crowd unit properties 
are taken to be independent of crowd size (Section 4.2.8). 
This second loadcase was also analysed using the Route 2 method, and the results for 
a variety of activity frequencies for Scenario 4 events are illustrated in Figure 6.36.  In 
general the results follow a similar pattern however a larger peak acceleration of 
17.8%g is evident at an activity frequency of 3Hz.  Willford (2005) notes that it is 
difficult for large groups of people to jump with good co-ordination at frequencies 
above about 2.75Hz, and as such it is thought that this value will not be achieved in 
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Figure 6.36 Comparison of RMS accelerations for Crowd Load Cases 1 & 2 
6.6. Conclusions 
Natural frequency of Thomond Park 
The natural frequency of the Abaqus single bay model used in the Route 2 method is 
5.99Hz.  The natural frequency of the STRAP single bay model used in the 
Performance-based Assessment method  is 5.94Hz.  These values differ from that of 
the original design model of 4.3Hz due to the following updates in the model 
properties: 
a) E value of concrete:  the dynamic Young’s modulus (E) of concrete adopted in 
this research is 38GPa rather than 27GPa.  The E value of concrete has a 
significant effect on the natural frequency; 
b) Restraints to rear columns:  Restraint is also provided at the rear columns 
where they connect with the floor.  These restraints model the effect of the floor 
diaphragm which forms a rigid connection with the shear core.  These restraints 
to the rear columns were not modelled at initial design stage by MPP (2007) as 
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translation of the columns at this level is not possible.   
The first natural frequency of combined structure and crowd model is 2.28Hz. 
Performance-based Assessment 
From the results of the Performance-based Assessment using the STRAP single bay 
model, it is shown that Thomond Park can host concert events with ‘bouncing 
activities’.  For the crowd action of bouncing, the values of peak vertical acceleration 
for all loadcases ix 8%g, which satisfies the limit of 30%g. 
For concerts with the whole crowd ‘jumping’ a possible loadcase of potential concern 
in one area of the West Grandstand has been identified.  In this case a crowd jumping 
in the ‘positive’ section of the mode shape, i.e. jumping on a section of the raker to the 
rear of the grandstand, would results in a peak vertical acceleration of 42%g.  It is 
considered that this loadcase is unlikely in terms of all of the crowd jumping and the 
crowd only be present in a particularly area of the grandstand.  Notwithstanding this 
appropriate crowd management arrangements would be recommended to the stadium 
operators to prevent such a loadcase happening.  This result is consistent with the trend 
and recommendations of the original design (MPP 2007). 
Route 2  
As shown in Table 6.14, for the single bay Abaqus model of Thomond Park analysed 
in this work, the peak accelerations are within the recommended limits.  The peak 
value of 16.7%g occurred for Scenario 4 events at an activity frequency of 2.28Hz.  
This frequency is equal to that of the combined structure and crowd.   




RMS Vertical Acceleration. RMS Vertical Displacement. 
Worst Case Limit Worst Case Limit 
4 2.28Hz 16.7%g 20%g 8.0mm 7mm 
3 2.28Hz 5.0%g 7.5%g 2.6mm 7mm 
Acceleration levels are very sensitive to the activity frequency, with high values found 
in the range 2.1 – 2.5Hz only.  Along the length of the raker beam, higher levels of 
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acceleration are localised towards the rear, above the steel branches.  For Scenario 3 
events, the peak value of acceleration was 5%g at an activity frequency of 2.28Hz. 
For Scenario 4 events, a peak RMS vertical displacement of 8mm was found in a very 
localised area towards the rear of the raker beam.  This is greater than the 
recommended limit of 7mm.  However this is not considered to be overly significant 
as the primary design concern is to ensure that the crowd will not panic due to 
excessive levels of vibration.  In terms of deflection there are no brittle finishes beneath 
the raker in this location. 
Comparison of Performance-based Assessment and Route 2 Methods 
The Route 2 method provides a more rigorous and consistent approach to the design 
and assessment of grandstand structures where the major factors that determine the 
dynamic behaviour are accounted for including the crowd-structure interaction.  The 
method provides clarity with respect of the loading to be applied, unlike the 
Performance-based Assessment where whole crowd jumping may be considered.  
Results under the whole crowd jumping have been shown to be very onerous when 
compared to Scenario 4 events where the crowd is considered to be bobbing with some 
jumping taking place. 
Need for crowd management 
While the results of the Performance-based Assessment were broadly aligned with that 
of the original design, the results of the updated Route 2 method indicate that the 
structure performs adequately under all concert types and that the crowd management 
measures originally recommended may no longer be required.   
Design Parameters 
The value of Young’s Modulus is shown to have a significant effect on the acceleration 
levels, with an increase of 30% shown when the value of Young’s Modulus is reduced 
from 38GPa to 27GPa.  Further work is recommended to investigate the selection of 
a representative value in more detail.  
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7. Conclusions and 
Recommendations 
7.1. Introduction 
Some relatively modern stadium structures have been prone to responding 
dynamically to crowds moving rhythmically to music during pop concerts resulting in 
panic in the crowd.  Thomond Park stadium was redeveloped in 2007/2008 and was 
designed for concert events.  The design took account of the then current 
recommendations and the latest published design related research on crowd-induced 
vibration.  The final design proposed an optimised solution combining some local 
increase in structural stiffness with recommendations for crowd management during 
concert events to ensure that vibrations were within appropriate limits 
This research project has looked to re-analyse Thomond using new design 
recommendations (IStructE 2008) which involve more sophisticated modelling of the 
crowd as an assembly of vibrating damped spring-masses combined with a 
conventional linear elastic model of the structure to establish if crowd management for 
concert events, recommended as part of the original design, remains necessary. 
This chapter aims to present the main conclusions from the research work undertaken 
and suggest some items of further research. 
7.2. Conclusions 
Performance-based Assessment method 
The Performance-based Assessment tries to predict the dynamic responses that will be 
generated under specified crowd activities using a modal analysis.  Willford (2005) 
provided helpful and detailed guidance on the method, along with input values that 
could be used in a design setting.  Careful selection of appropriate Dynamic Load 
Factors is particularly important, with values provided for ‘bouncing’ and ‘jumping’ 
activities.  In this work is has been assumed that 100% of the crowd is active.  It is 
recommended that peak vertical accelerations are limited to 30% of gravity. 
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Route 2 method  
The Route 2 method was developed with the aim of reproducing patterns of behaviour 
observed in actual structures subject to dynamic crowd loading.  While it is difficult 
for any method to deal with all the variations in behaviour and structural characteristics 
that affect how crowds interact with a structure and, as such, results are to be regarded 
as indicative of actual behaviour rather than a precise prediction of performance.  
However, the Route 2 method provides a rigorous and consistent approach to the 
design and assessment of grandstand structures where the major factors that determine 
the dynamic behaviour are accounted for, including the crowd-structure interaction. 
The Route 2 method defines four kinds of event scenarios based on different crowd 
behaviour.  Scenarios 1 and 2 appropriate for viewing sporting events and classical 
concerts and would normally be satisfied by Route 1 requirements.  Scenario 3 refers 
to lively concerts and high-profile sporting events whilst Scenario 4 is for high energy 
events such as pop concerts. 
The Route 2 method proposes the use a finite element model to simulate the effects of 
crowd-structure interaction.  A linear elastic structural model is combined with crowd 
spring-mass-damper elements representing groups of people.  Detailed guidance is 
given on the input parameters for these elements and loading. 
The Route 2 method recommends the use of Root Mean Square (RMS) accelerations 
and displacement as the indicators for measuring the vibrations felt by audiences.  For 
Scenario 4 a RMS acceleration limit of 20%g is proposed.  The acceleration limits for 
Scenarios 3 and 2 are 7.5%g and 3%g respectively.  There is also a recommended limit 
on displacement of 7mm RMS. 
Route 2 proposed (IStructE 2008) the crowd effectiveness factor, which is an essential 
parameter for calculating the internal periodic forces of FEA model.  The crowd 
effectiveness factors of Scenario 4 and 3 are very sensitive to the activity frequencies.  
The crowd effectiveness factors are inconsistent to different activity frequencies, and 
the tendency of effectiveness factor is increasing or decreasing following varying 
activity frequencies.  Response of structure is very sensitive to the activity frequency 
resulting from the crowd effectiveness factor. 
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Cantilever grandstand 
A simplified cantilever beam type stadium structure with a span of 6m was analysed 
using both methods.  The results of both the Performance-based Assessment and Route 
2 methods indicate that the dynamic response of the statically designed structure is 
significantly greater than the recommended limits  
The Performance-based Assessment for crowd ‘jumping’ results in a very high peak 
acceleration which is approx. 11 times greater than the recommended limit.  The peak 
level of acceleration reduces significantly for the crowd ‘bouncing’ but is still 4.7 times 
greater than the recommended limit.   
In the Route 2 analysis, the maximum RMS vertical acceleration for the more onerous 
Scenario 4 is 3.64 times greater than the limit, while for Scenario 3 it is 3.6 times 
greater than its lower limit.  The Route 2 method is very sensitive to activity frequency 
and it is important that a range of activity frequencies are tested, particularly those 
close to the combined natural frequency of the crowd and structure. 
In this instance, the results of the Route 2 method are less onerous than that of the 
Performance-based Assessment.  The Route 2 method provides a more rigorous 
consistent approach to the design and assessment of grandstand structures where the 
major factors that determine the dynamic behaviour are accounted for, and as such 
may be less conservative that the Performance-based Assessment. 
In this instance the properties of beam would need to be modified, or the structure used 
for sporting events only for it to be deemed acceptable. 
Thomond Park  
From the results of the Performance-based Assessment using the STRAP single bay 
model, it is shown that Thomond Park can host concert events with ‘bouncing 
activities’.  For the crowd action of bouncing, the values of peak vertical acceleration 
for all loadcases are 8%g, which satisfy the limit of 30%g in the vertical direction. 
For concerts with the whole crowd ‘jumping’ a possible loadcase of potential concern 
in one area of the West Grandstand has been identified.  It is considered that this 
loadcase is unlikely in terms of all of the crowd jumping and the crowd only be present 
in a particularly area of the grandstand.  Notwithstanding this appropriate crowd 
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management arrangements would be recommended to the stadium operators to prevent 
such a loadcase happening.  This result is consistent with the trend and 
recommendations of the original design (MPP 2007). 
For the Route 2 method, for the single bay Abaqus model of Thomond Park analysed 
in this work, the peak accelerations for all event typers are within the recommended 
limits.  The peak value of 16.7%g occurred for Scenario 4 events at an activity 
frequency of 2.28Hz.  This frequency is equal to that of the combined structure and 
crowd.  Acceleration levels are very sensitive to the activity frequency, with high 
values found in the range 2.1 – 2.5Hz only.  Along the length of the raker beam, higher 
levels of acceleration are localised towards the rear, above the steel branches.  For 
Scenario 3 events, the peak value of acceleration was 5%g at an activity frequency of 
2.28Hz. 
For Scenario 4 events, a peak RMS vertical displacement of 8mm was found in a very 
localised area towards the rear of the raker beam.  This is greater than the 
recommended limit of 7mm.  However this is not considered to be overly significant 
as the primary design concern is to ensure that the crowd will not panic due to 
excessive levels of vibration.  In terms of deflection there are no brittle finishes beneath 
the raker in this location. 
Need for crowd management 
The results of the Performance-based Assessment are broadly aligned with that of the 
original design, the results of the updated Route 2 method indicate that the structure 
performs adequately under all concert types and that the crowd management measures 
originally recommended may no longer be required.  This proves the main hypothesis 
of the thesis as stated in Chapter 1. 
Critical Parameters 
The value of Young’s Modulus is shown to have a significant effect on the acceleration 
levels, with an increase of 30% shown when the value of Young’s Modulus is reduced 
from 38GPa to 27GPa.  Further work is recommended to investigate the selection of 
a representative value in more detail. 
The natural frequency of the single bay model is 5.94/5.99Hz which is very close to 
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the recommended limit whereby a more detail dynamic assessment is not required.  
This work has shown that undertaking a more detailed assessment can be valuable and 
may highlight areas of high acceleration at design stage. 
It is very important to model the full range of activity frequencies as peak accelerations 
are very sensitive to the activity frequency. 
7.3. Recommendations 
The following recommendations for further research are proposed: 
 Improve some of the modelling assumptions with the current Abaqus model; 
 Model the West Grandstand beyond a single bay to investigate the effect on 
acceleration levels and the presence of other modes of vibration; 
 Undertake experimental testing of Thomond Park to validate the frequencies 
and mode shapes from the theoretical modes; 
 Undertake experimental testing of Thomond Park during concert events to 
valudiate the output of the Route 2 method and to investigate the key 
assumptions involved; 
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When modelling a structure using a finite element program, it is very important to 
check whether the solution has converged.  Refining the mesh density is a process of 
decreasing the characteristic length of elements and reducing the smallest element 
dimension, dividing each existing element into two or more elements without changing 
the type of elements(Simulia 2012). 
The cantilever beam in Chapter 5 
Below for the cantilever beam displays the process to achieve convergence as initially 
only 2 elements were applied and methodically increased up to 512 elements in total.  
It was obvious at between 64 and 256 elements that little or no deviation occurred 
therefore outputting a valid natural frequency for the cantilever beam.  Full 
convergence occurred at 256 nodes, shown in Figure A-1 and Table A-1.  Thus, the 
cantilever beam model in Abaqus should be meshed more than 256 elements. 
Table A-1 Optimum Elements for Mesh (Cantilever Beam) 
Optimum Mesh for Model 
No. Elements Frequency (fn) Hz Differential % 
2 16.390 NA 
4 17.909 9.268 
8 18.339 2.401 
16 18.450 0.605 
32 18.478 0.152 
64 18.485 0.038 
128 18.486 0.005 
256 18.487 0.005 
512 18.487 0.000 
A-2 
 
Figure A-1 Convergence of Mesh (Cantilever Beam) 
The single bay at Chapter 6 
The single bay is cut down from MPP’s model.  All elements of the single bay have 
not the same size, and then Mesh by sizing controls is easier.  The raker beam is the 
main research object.  Thus, a series of analyses keep the lower frame of approximate 
element size of 2 and change the size of raker from 2 to 0.2, which detail shows in 
Table A-2. 
Table A-1 Optimum element size for Mesh (The Single Bay) 
No. 






(Hz) Frame Raker 
1 2 2 142 5.99 3.48 
2 2 1 150 6.00 3.48 
3 2 0.8 162 6.00 3.48 
4 2 0.6 172 6.00 3.48 
5 2 0.4 208 6.00 3.48 
6 2 0.2 304 6.00 3.48 
 
See Table, this illustrates mesh of the single bay as approximate element size of 2 for 




















Verification of Finite Element Model 
In order to verify if the model can represent the real situation well, displacements of 
free end point, respectively under self-weights, non-structural mass and occupant 
weights, are compared between manual calculation and results of Abaqus analysis. 
The model of this analysis is same to the cantilever beam in Chapter 5.  The dead loads 
are also same, but the periodic force pair and the periodic loading function are little 
different due to the frequency of crowd activity use 2.3Hz in this part. 
Manual calculation is processing in Excel, detail show in Figure B-1, B-3 and B-5.  
The results of Abaqus analysis show in Figure B-2, B-4 and B-6.  Different ratios of 
displacement result from processing these data, given in Table B-1.  All different ratios 
are about 5%, which are considered be up to the error range. 










Vertical 0.840 0.885 5.08 
Horizontal 0.423 0.438 3.42 
Non-structural 
mass 
Vertical 10.181 10.827 5.97 
Horizontal 5.122 5.360 4.44 
Occupants 
mass 
Vertical 4.841 5.149 5.98 




Figure B-1 Displacement (mm) of cantilever beam under self-weight loading 
calculating in Excel 
 
Figure B-2 Displacement (m) of cantilever beam under self-weight loading 




Figure B-3 Displacement (mm) of cantilever beam under non-structural loading 
calculating in Excel 
 
Figure B-4 Displacement (m) of cantilever beam under self-weight and non-




Figure B-5 Displacement (mm) of cantilever beam under occupant loading 
calculating in Excel 
 
Figure B-6 Displacement (m) of cantilever beam under self-weight and occupant 





Verification of constraint: Tie 
IStructE (2008) proposed the crowd body element, which should add to structure 
model for the duration of a simulation in Abaqus.  Tie is a kind of constraint in Abaqus, 
which is adopted to connect the crowd body element and structure model.  This 
analysis tries to verify if Tie can transfer force of crowd body element to structure 
model. 
Tie constraints are used to tie together two surfaces for the duration of a simulation 
(Simulia 2012).  Each node on the slave surface is constrained to have the same motion 
as the point on the master surface to which it is closest.  For a structural analysis this 
means the translational (and, optionally, the rotational) degrees of freedom are 
constrained.  By default, all slave nodes that lie within a given distance of the master 
surface are tied. The default distance is based on the typical element size of the master 
surface. This default can be overridden in one of two ways: by specifying the distance 
within which slave nodes must lie from the master surface to be constrained or by 
specifying the name of a set containing the nodes that will be constrained. 
The Example Analysis of S4-AF2Hz in Chapter 5 is used to analyse here.  The 
Example Analysis of S4-AF2Hz (a) is analysis with Tie connected the Crowd Unit 
Model and Structure Model.  The effects of crowd activity, i.e. the internal periodic 






Figure C-1 Example Analysis of S4-AF2Hz with Tie (a) and without Tie (b) 
The results of Example Analysis of S4-AF2Hz (a) and (b) show in Table C-1.  It 
demonstrates Tie is working well in Abaqus and Tie is able to use as connector 
between Crowd Unit Model and Structure Model. 
Table C-1 The results of Example Analysis of S4-AF2Hz (a) and (b) 
Analysis 
Max RMS Vertical 
Acceleration 
Max RMS Vertical 
Displacement 
a 0.17g 7.50mm 





Comparison of frequencies between Abaqus and STRAP 
Abaqus and STRAP are two different finite element analysis software.  ‘Abaqus single 
bay’ and ‘STRAP single bay’ are detailly described at Section 6.3.  This appendix tries 
to confirm that ‘Abaqus single bay’ using in Route 2, like ‘STRAP single bay’ using 
Willford Method, can be used to dynamic analysis of Thomond Park Stadium. 
According to MPP’s research, the connections between pipe elements (branch) and 
concrete elements were fixed and then released the torsion in STRAP.  Similarly, there 
is also release function in Abaqus, shown in Figure D-1.  However, this function is 
carried out through changing the ‘Input file’, which is very complex and hard when 
conducting a series of model analyses. 
 
Figure D-1 Release function in Abaqus (after Simulia 2012) 
Below Table D-1 shows the first natural frequency of the single bay in STRAP and 
Abaqus.  Branches are fixed in test number 1 and pinned in test number 2.  STRAP 
gives options to determine the direction of weights application.  However, there is no 
D-2 
similar function in Abaqus has been found after searching in ‘Abaqus Analysis User’s 
Guide, internet search, and querying related persons or forums. 
Table D-1 The single bay 
No. Model Description 
1st Natural Frequency (Hz) 
Strap 
Abaqus Weights Application in 
Global Vertical (Z) 
Weights Application in 3 
Directions 
1 Branches ends fixed 5.45 3.88 3.99 
2 Branches ends pinned 5.30 3.79 3.90 
 
Table D-1 illustrated that the default of weights or masses should be applied in 3 
directions.  In addition, the difference between branches ends fixed and branches ends 
pinned is very small, which is only 2.4%.  Thus, fixed connections between pipes and 
concrete in Abaqus can be used to analyse the vibration of the single bay. 
In order to adequately demonstrate default of weights or masses is applied in 3 
directions, additional analyses were conducted.  Model description shows in Figure D-
2 and results of analyses are listed in Table D-2 
Table D-2 The research increasing the structural complexity 
No. Model Description 
1st Natural Frequency (Hz) 
Strap 
Abaqus Weights application in 
Global Vertical (Z) 
Weights application in 
3 directions 
1 Simple Beam – Pinned 
Ends 
7.62 7.62 9.31 
2 Simple Beam – Fixed Ends 19.86 19.86 21.00 
3 Lower Frame 9.20 4.76 5.35 
4 Lower Frame + Raker (a) 5.54 4.60 4.83 
5 Lower Frame + Raker (b) 5.96 4.87 5.08 
6 Lower Frame + Raker 2D 6.14 4.58 4.73 




Figure D-2 Model description 





Flexural crack widths of raker beam 
Calculate the design flexural crack widths for the central raker beam shown in Figure 
E-1 when subject to a quasi-permanent moment 419kNm, which is obtained from static 
analysis in Strap shown in Figure E-2.  The concrete is class C40/50 and the 
reinforcement is high bond with a total cross-sectional area of 5027mm2.  Creep 
coefficients is approximately 1.32(Pike 2006). 
 
Figure E-1 Section property of raker beam 
 
Figure E-2 Moment of raker beam under working loads 
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